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Summary 
The research of this thesis was performed to understand the vibrational dynamics of 
stage 0&1 child safety seats and of the children who occupy them. Since no previous 
vibration data for small children or child seats was found, the investigation took the 
form of experiments designed to shed light on the behaviour of the system consisting 
of child, child seat, vehicle safety belt and vehicle seat. To provide a background for 
interpreting the results a literature review was performed of child seat characteristics, 
of human whole-body response and of primate whole-body response. An industrial 
test procedure for measuring the vibration isolation properties of vehicular seats is 
also presented as an illustration of the concepts involved. 
A whole-body vibration bench for testing children in the vertical direction was built 
and apparent mass and absorbed power functions were measured for 8 children of 
age less than 24 months and mass less than 13 kg. An algorithm was developed for 
identifying the parameter values of a single degree of freedom mass-spring-damper 
model of the seated body using Differential Evolution optimisation. The parameter 
values were determined for each child and compared to those of adults and 
primates. This thesis also presents the results of modal testing of 2 child seat units 
and of operational deflection shape testing of 1 unit in an automobile under 3 loading 
conditions (empty, sandbag or child). In-vehicle transmissibility measurements were 
also performed in the vertical direction for 10 children and child seats using 9 
automobiles. The floor-to-human transmissibilities were determined for each child 
and driver when passing over a reference road surface at both 20 and 40 km/h. 
Except for the damping ratio, all child mechanical response parameters were found 
to differ with respect to those of adults or primates, with the differences being greater 
with respect to adults. The first resonance frequency of children was found to be 
located at 8.5 Hz as opposed to 4.0 Hz for adults, raising questions regarding the 
applicability of standards such as ISO 2631 towards the evaluation of child 
vibrational comfort. The child seats were found to have higher transmissibilities on 
average than the vehicular seats occupied by adults. A characteristic low frequency 
rigid body rocking motion was noted at 1.8 Hz as were multiple flexible body 
resonances starting from frequencies as low as 15 Hz. Areas of possible 
improvement and topics for further research have been identified. 
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Chapter 1 
Why Study Child Safety Seats? 
1.1 Some Crash Safety Facts 
Since the 1950s numerous technical innovations have enhanced vehicle crash 
safety. According to Hendey and Votey (1994) seat belts were first introduced in the 
United States by Ford and Chrysler as early as 1955 and were in widespread use by 
1964. Federal Law made lap and shoulder belts a requirement of all automobiles 
sold in the U.S.A. by 1968, and by 1974 the familiar three-point design became an 
industry standard. In the 1980s and 1990s the gradual introduction in most markets 
of new technologies such as deformable body structures, side impact bars, self-
fastening belts, pyrotechnic belt pretensioners, driver and passenger airbags, side 
airbags and side curtains have greatly helped to reduce the number of highway 
deaths and injuries. The increasing effectiveness of vehicle passive safety systems 
can be noted from the accident statistics of Figure 1.1 compiled by the U.S. National 
Safety Council which show a steady decline in the accident death rate over the 
years, despite a dramatic rise in vehicle use. 
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Figure 1.1 Vehicle use and accident fatality statistics compiled by the U.S. 
National Safety Council (reproduced from Hendey and Votey 1994) 
It is today almost universally accepted that the single most important factor in 
reducing traffic injuries and fatalities is the use of seat belts. According to the U.S. 
National Highway Traffic Safety Administration (NHTSA) in 1998: 
• the average U.S. national safety belt use rate was 70 percent. 
• vehicle safety belts were credited with saving the lives of 11,088 passenger 
vehicle occupants over age 4. 
• vehicle safety belts were estimated to reduce the risk of fatal injury by 45 
percent and the risk of moderate to critical injuries by 50 percent. 
• average in-patient costs for crash victims who did not use safety belts were 50 
percent higher than for victims who were belted. 
1.2 Crash Safety and Children 
It was recognised at an early date that vehicular restraint systems would not, on their 
own, be able to adequately protect children due to the difference in size with respect 
to the adult target population. According to Melvin et. a!. (1978) surveys of 
automobile crashes involving children performed during the early 1970s identified 
several disturbing facts. A first problem was the low usage rate of child restraint 
systems, often as little as 5% of the reported road accidents. Another problem was 
that in as many as 50% of the cases the child restraints were improperly installed, in 
terms of either positioning or belt tension. A final problem at that time was the high 
incidence of child head or facial injuries due to contact with hard or intrusive vehicle 
interior structures during the crash event. Though the Federal Motor Vehicle Safety 
Standard 201 required soft padding for several interior structures such as the 
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dashboard, surveys showed that children were impacting with other vehicle 
structures beyond those covered in the safety standard. 
Growing concern regarding child safety led a number of researchers such as Von 
Wimmersperg and Czernakowski (1976) to study the biomechanics of small children 
during deceleration so as to design devices to protect them. Child Restraint Systems 
were in widespread use in the North American market by the early 1980s and child 
safety seat laws have been in effect in all 50 U.S. states since 1985 (Uphold et al. 
1991). Also by 1985 the child restraint systems were beginning to appear which were 
suitable for the special needs of orthopaedic patients such as those described by 
Stout et al. (1992). 
Today child restraint systems are required by law in numerous vehicle markets 
including the European market and their use is widespread. Having introduced the 
systems, current research aims to provide improved child restraint devices and to 
encourage parents to make more careful use of the available systems. The 
importance of child restraint systems is emphasised by the NHTSA statistics for the 
year 1998 which show that: 
• 140 children died in vehicle crashes in the United States and more than 
200,000 were injured. 
• injuries sustained in car crashes were the leading cause of death in children 
over 1 year old. 
• 51 percent of children younger than age five who died in passenger vehicle 
crashes were unbelted. 
• adult safety belt use was found to be the best predictor of child occupant 
restraint use. A driver who was buckled up was 3 times more likely to restrain a 
child passenger than one who was not. 
Fortunately, the NHTSA statistics for the year 2001 showed that today more than 
90% of children in the United States are transported in approved child safety seats. 
There is still, however, great concern about child restraint system usage by the 
parents. According to recent statistics published by the National Safe Kids Campaign 
(2001) based on more than 17,500 checkup events performed in the U.S.A., more 
than 85 percent of parents misused their child seat with an average of two 
installation errors per seat. The most frequent errors were found to be the safety belt 
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not holding the seat tightly in place (63% of cases), the child harness straps not snug 
(33% of cases) and the harness straps not routed correctly (20% of cases). Studies 
performed in the United Kingdom have revealed similar findings. A survey of 36 
cases by Rainford et. AI. (1993) found that the areas of greatest concern were slack 
in the harness (occurred in 68% of the seats surveyed), incorrect height of the 
shoulder straps (occurred in 64% of the seats surveyed) and too much movement of 
the child seat (occurred in 56% of the seats surveyed). 
1.3 Types of Child Safety Seat 
According to the U.S. NHTSA Dictionary of Child Safety Seat Terms (2001) a child 
safety seat is defined as ua crash tested device that is specially designed to provide 
infant/child crash protection. A general term for all sorts of devices including those 
that are vests or car beds rather than seats". The NHTSA defines four basic 
categories of child restraint system. The first is the infant-only restraint, a device 
designed for use only by a baby (usually weighing less than 17-22 pounds) in a semi-
reclined, rear-facing position. The second is the rear-facing infant seat which is a 
type of restraint system that is specifically meant for use by children from birth up to 
approximately 20 pounds (9 kg), used in the rear-facing mode only. The third is the 
forward-facing child restraint intended for use only in the forward-facing position for a 
child at least age one and from 20 pounds up to 40 pounds (9 to 18 kg) while the 
final category is the convertible child safety seat/restraint which can be used in more 
than one mode, usually rear-faCing for infants and forward-facing for toddlers. 
Since accident statistics show that the majority of motor vehicle crashes are frontal 
impacts, infants are considered safest when facing the rear (Arbogast et al. 2001). In 
a frontal crash the back of a rear-facing child safety seat supports the child's head, 
neck and back. The American Academy of Pediatrics recommends that children ride 
facing the rear of the vehicle until they reach both 1 year of age and 20 Ib (Winston 
and Durbin 1999). This guideline is based on the observation that children in the 
specific age group are characterised by incomplete vertebral ossification and 
excessive ligamentous laxity which put them at risk of spinal cord injury. Despite the 
recommendations to use infant-only restraints, rear-facing infant seats and 
convertible child safety seat/restraint in the rear-facing mode, and despite this 
suggested usage being clearly outlined in the product literature provided with all 
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seats at the time of purchase, a recent study performed by the group Partners for 
Child Safety showed that 30% of children less than 1 year of age were facing forward 
at the time of their accident. Parents expressed concern that their infants were 
uncomfortable in the rear-facing position and that they could not see their children 
while driving. Arbogast et. AI. (2001) make the point that while child comfort is an 
important issue, safety should be the overriding concern. This issue will be revisited 
later in this thesis because the current research was driven by the author's belief that 
child seats can provide BOTH safety AND comfort without a loss of either 
performance characteristic. 
Figure 1.2 presents two child safety seats sold under the Mothercare ® brand name 
which can be considered typical examples of rear-facing and forward-facing designs. 
The seats are fixed in place by means of the vehicle's safety belts. In the case of 
rear-facing seats the products found in commerce can be divided into two general 
categories: those which pass the belt over the legs of the child and those which pass 
the belt through the lower seat base. In both designs the vehicle safety belt is first 
passed behind the backrest section of the child seat so as to provide the necessary 
support to resist overturning moments during vehicle deceleration. The designs then 
differ in the return path of the belt. In the first case, installation requires the user to 
return the belt over the child's legs through slots in the sides of the frame in the 
region between the waist and knees before buckling to the vehicle. In the second 
case the belt is passed through slots in the lower half of the seat frame (as shown in 
the example of Figure 1.2a before buckling to the vehicle. 
Figure 1.2 Child safety seat installation: rearward facing (a) and forward facing (b) 
(reproduced from Mothercare ® Catalogue 2002) 
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In response to the numerous research studies which have evidenced a high 
percentage of child injuries caused by faulty installation by untrained parents, a new 
and simplified system of child seat fixation has been introduced in 2001 model year 
automobiles in the U.S.A. and is required by law from model year 2002. The LATCH 
(Lower Anchors and Tethers for Children) system consists of specific anchor pOints 
at the vehicle floor below the seat and at one or more points behind the backrest. 
The LATCH system is a hybrid ISOFIX system (8ell et al. 1994) and thus represents 
a simplification of the ISOFIX concept initially researched in Sweden (Pedder et al. 
1994). 8y providing easy to reach strong points specifically for child seat fixation , and 
by avoiding the use of the vehicle's safety belts, the latch system is expected to 
facilitate child seat installation and thus reduce the risk of injury due to faulty 
installation. An example of a LATCH system as described in the recent NHTSA 
specification is presented below as Figure 1.3. 
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Figure 1 .3 LATCH system of installation for child safety seats (reproduced 
from NHTSA website 2001) 
A final safety product for use with children is the belt-positioning booster seat. 
Research by OeSantis-Klinich et al. (1994) found that the smallest child who can 
safely travel restrained by only a standard vehicular 3-point belt has a sitting height 
of 74 cm, a standing height of 148 cm and a weight of 37 kg. Smaller or heavier 
children cannot be safely decelerated by means of only the vehicle belts. Belt-
positioning booster seats have thus been developed for transporting children who 
are too large for a child safety seat and too small or heavy for the vehicle belt 
system. Booster seats are of two basic types, the high-back booster seat and the 
backless (or low-back) booster seat. Booster seats raise the child upwards such that 
the lap and shoulder belts fit properly. Figure 1.4 presents an example of a belt-
positioning booster seat sold under the Mothercare ® brand name. 
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Figure 1.4 Belt-positioning booster seat (reproduced from 
Mothercare ® 2002 catalogue) 
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Booster seats have recently become the target of efforts to increase child restraint 
use by the general public. Awareness campaigns have been launched because of 
research findings which suggest that while child restraint usage rates are high in the 
case of the smallest children, they drop with increasing size and age. Figure 1.5 
published by Johnston, Rivara and Soderberg (1994) is typical of recent statistical 
surveys, and shows an alarming drop in usage rate and a corresponding increase in 
injury rate with increasing age of the child. 
o 2 3 
~.lny-. 
Figure 1.5 Percentages of children in a car seat at the time of a crash 
compared to car crash injury rates for all US children in 1990 
(reproduced from Johnston, Rivara and Soderberg 1994) 
As a final comment regarding all types of child seat, recent research by Glass, Segui-
Gomez and Graham (2000) has found statistically significant evidence supporting the 
hypothesis that positioning the restraint system on the rear seat of the vehicle 
reduces the risk of child fatality in a crash. 
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1.4 Stage 0&1 Child Safety Seats 
Due to the anthropometric changes (Pheasant 1988 and Tilley 1993) typical of early 
life a range of restraint products is provided for children from birth to the time when 
he or she is large enough to make direct use of vehicle seat belts. The standard 
system of nomenclature defining the age and weight limits of products used in the 
United Kingdom is presented below. 
Stage Installation Child Weight Child Age 
0 Rearward facing 0- 13 kg 0- 15 months 
0&1 rearward facing I 1 - 18 kg 0-4 years 
forward facing 
1 forward facing 9 - 18 kg 9 months - 4 years 
2 forward facing 15 - 25 kg 4 - 6 years 
3 forward facing 22- 36 kg 6 -11 years 
Table 1.1 System of stages used to define age and weight limits for child safety 
seats in the United Kingdom 
The research described in this thesis was performed using stage 0&1 products, the 
restraint systems used for the smallest children. Before performing any tests 30 
seats were inspected by the author, produced by a number of manufacturers 
including: Brittax, Baby Boss, Concord, Cosatto, Cygnet, Elecktrolux-Klippan, 
Klippan, Kwik Fit, Silver Cross and Tomy. Most designs were characterised by a 
plastic or Styrofoam basket covered in either cotton or polyester cloth. The seats 
normally had a lining under the covering cloth which consisted of polypropylene or 
some other suitable material, and normally included polyester wadding to soften the 
otherwise hard contact that would occur between the child and the plastic cage. Of 
the seats surveyed only 3 provided an additional foam pad which covered both the 
buttock and back areas. A further seat had a small area of foam padding covering 
the region in the immediate vicinity of the child's head. All seats indicated compliance 
with either standard ECE R44/02 or ECE R44/03. 
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1.5 The Issue of Vibrational Comfort 
Inspection of stage 0&1 child restraint systems is sufficient to note the absence of 
design details that are required if the maximum possible level of child comfort were 
to be guaranteed. For example. the majority of the currently available restraint 
systems lack passages to facilitate the movement of air through the seat. This is in 
contrast to vehicular primary seating systems which in almost all cases use porous 
materials such as polyurethane foam and perforated frames to enhance the transport 
of heat and humidity away from the body. Several recent automobiles go as far as to 
offer seats which are equipped with cooling blowers which move fresh air to the 
regions of contact with the human body. 
Upon first inspection the author also formed the opinion that numerous features 
which might improve the vibrational performance of child restraints were also lacking. 
For example, the majority of child restraints are fixed to the vehicle chassis by means 
of the vehicle's belts and few if any restraints offer pretensioner systems for 
removing the slack in the belt system. The result is a situation characterised by 
ample rigid body movements of the restraint system. even at low vibration 
amplitudes. A further observation was that only 5 of the 30 seats surveyed provided 
foam padding between the wadding and the seat frame. This is in contrast to the 
situation with vehicle primary systems where large amounts of money have been 
spent and numerous investigations performed to quantify the ability of polyurethane 
foams and other elastic materials to isolate drivers from vibrational disturbances. 
Research studies such as those of Cunningham et al. (1994), Ebe (1994) and Yu-
Hallada et al. (1998) show the importance of optimising the elastic interface. 
A thorough literature survey by the author produced no known publications on the 
subject of child body vibrational behaviour or of child seat vibrational behaviour. This 
situation is in great contrast to that for the drivers and passengers supported by 
vehicle primary seating systems. The themes of adult whole-body vibration response, 
seat dynamics, foam dynamics and of vehicle suspension dynamics have each been 
the subject of several hundred research papers over the last 100 years. Whereas the 
knowledge of the adult human body is sufficient to permit manufacturers to define 
standard tests of seated vibrational comfort using various specialised devices such 
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as vibrational mannequins, the complete lack of information makes defining a 
vibrational test methodology for child restraint systems an impossibility. 
The research described in this thesis was motivated by the author's belief that BOTH 
crash safety AND vibrational comfort can be simultaneously achieved for child 
restraint systems. The objective of the research was to identify the basic 
mechanisms influencing the dynamics of the system composed of child, child seat, 
vehicle seat and vehicle belts and to gather and analyse enough experimental data 
to support the definition of a test methodology and of future numerical models. Some 
of the questions which required answering were the following: 
• What are the vibrational characteristics of the seated child body ? Are the 
resonance frequencies, resonant amplitudes and energy dissipation properties 
similar to those of adults ? 
• If the child vibrational response were different from that of adults how would it 
affect the use of the currently accepted methodologies for quantifying 
subjectively perceived vibrational comfort ? 
• What are the vibration characteristics of child restraints as an individual unit ? 
And how are these modified by installation in the vehicle ? 
• What vibration levels and f1oor-to-child transmissibilities occur in current child 
restraint systems ? And how much can these characteristics vary from design to 
design? 
• How do the vibrational characteristics of current child seats compare to those 
of the vehicle primary seating systems used by adults? 
It is the author's hope that after reading this thesis the reader will feel that some of 
the above listed issues have been clarified. 
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Chapter 2 
Review of the Mechanical Response to 
Whole-body Vibration and its Modelling 
2.1 Introduction 
The purpose of this chapter is to provide an introduction to the mechanical response 
to whole-body vibration with emphasis on studies performed relative to the seated 
posture. Since the experimental measurements presented later in this thesis are the 
first examples of vibration tests performed for small children and for child seats it is 
important to judge them against the body of existing knowledge for adult humans and 
for primates. Towards this purpose more than 300 books and scientific papers 
treating whole-body vibration have been reviewed and are listed in the bibliography. 
This chapter is an extract in which a work is described if it satisfies at least one of the 
following three criteria: 1) it represented an innovation in testing or modelling when 
presented, 2) the data contained is particularly useful or 3) it introduced a new 
interpretation of a whole-body response. This chapter is subdivided according to the 
engineering approach taken. For example, transmissibility measurements are the 
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subject of one section while driving point measurements of mechanical impedance or 
apparent mass are the subject of another. Within each section the order of 
presentation of the studies was taken to be chronological as the author feels that 
much can be learned from the order in which the technical achievements progress. 
The figures and tables have been left in their original form both to speed compilation 
and to help the reader to appreciate the level of technology available at the time. It is 
hoped that the material can serve as an overview for anyone interested in the field of 
human vibration. 
2.2 Whole-Body Vibration 
The term whole-body vibration refers to macroscopic body movements of the type 
which arise when a person is subjected to vibration in one of the following typical 
ways: when standing on a vibrating surface, when lying supine on a vibrating surface 
or when sitting on a vibrating surface. Due to the need to compare measurements a 
system of reference axis needs to be carefully defined. The system used today in 
most whole-body vibration standards is shown below. 
Figure 2.1 System of reference axis defined in BS 6841 for measuring whole-
body vibration (reproduced from British Standards Institution 1987) 
The frequencies normally considered when investigating whole-body vibration are 
those corresponding to long wavelengths, capable of inducing a simultaneous 
response of several body parts. Vibrations capable of inducing such responses are 
usually limited to frequencies below 100 Hz. While vibration studies have been 
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performed in this range of frequencies for a wide variety of reasons, the declared 
objectives can broadly be categorised as one of the following: 
Mechanical response: these investigations have quantified the response to vibration 
in terms of force, movement or energy. Many of these studies have been purely 
experimental, some have led to the development of models, and a few have 
speCifically addressed only the theoretical issues behind model development. 
Subjective response: these studies have measured the subjective response to 
vibration, meaning the mapping from mechanical to perceived stimuli. These studies 
have been mostly experimental, though some theoretical work exists treating only the 
basis for the psychophysical relationships involved. 
Health effects: a variety of investigations have attempted to determine the forces and 
motions occurring internally to the body, the fatigue and rupture laws governing body 
structures and the incidence of such loadings in the workplace. Also, epidemiological 
investigations of the trends in the health statistics for populations exposed to 
vibration can be included in this category. 
Activity interference: research falling into this category includes a variety of studies in 
which the effect of vibration on specific activities is evaluated. Examples include the 
effects of vibration on reading, writing, visual acuity, hand tool usage, control 
actuation and such everyday occurrences as the spillage of drinks. 
When measuring the mechanical response of the human body several independent 
variables affect the measurements and thus need to be controlled by the 
investigator. The single most important independent variable is the test subject. Most 
studies point to inter-subject variability as the greatest single contributor to the 
variance observed in experimental data sets. The physical characteristics of the 
subjects, the ability to perform tests using also a control group and use of a sample 
size sufficient to permit statistical significance testing are all factors which influence 
the reliability and generalisability of the results. For seated subjects a second 
impendent parameter that is normally controlled is the state of foot support. The feet 
can either be supported by a non-moving platform, supported on a platform which 
moves with the seat surface, or supported by a platform which moves independently 
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of the seat surface. The method of support has been shown by several authors (for 
example Griffin 1990) to affect driving point measurements of the human body. A 
third independent parameter which requires consideration is the sitting posture, 
where sitting posture is taken to mean the angular relations between the various 
body parts and the state of muscle tension (relaxed or erect). A fourth independent 
parameter is the vibration excitation defined by its type, frequency content and level. 
Ample evidence exists to show that the body responds nonlinearly to vibration thus 
leading to the necessity to clearly state the vibrational input used. 
Numerous scientific measurement methods are employed in the field of whole-body 
vibration research. Medical, physiological, psychological and ethical constraints 
make the measurement of whole-body mechanical parameters and response 
properties challenging. Since intrusive measurements of muscle loading, joint 
loading, inter-abdominal pressure, intervertebral disk pressures or bone movement 
are difficult to perform outside the clinical setting, only a relatively small number of 
studies have used these methods. A greater number of studies have measured 
electromyographic (EMG) activity via surface electrodes as evidence of muscle 
participation and loading during vibrational response, and a similar number have 
measured response to vibration by means of electrocardiagrams (EKG) or oxygen 
uptake (V02). The vast majority of studies found in the literature have been based, 
however, on external engineering measurements of motion or force. Engineering 
measurements of the body and the models developed from them are the subject of 
this chapter. The chapter is subdivided according to the methods involved, the 
sections being: transmissibility, driving point impedance or apparent mass, absorbed 
power, mechanical modelling, model uniqueness and whole-body research 
performed using primates. 
2.3 Transmissibility Measurements 
The most frequently performed whole-body measurement has been the 
transmissibility from a support surface to some output point of interest on the body. 
Since accelerometers are the mostly commonly used sensors the transmissibility is 
normally expressed in terms of the measured acceleration as 
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where a is the measured acceleration at the reference points, {O is the frequency and 
j = .J=i. The acceleration at the input is usually measured by an accelerometer 
placed on the moving support while the acceleration at the output is measured by 
one attached to the body by means of an appropriate device. For measurements at 
spinal vertebra the output accelerometer can be either attached to a pin and carrier 
which is medically inserted into the spinous process of the vertebra or it can be glued 
to the skin by means of a bioadhesive or tape. In the case of skin attachment, the 
transfer function of the tissue and skin is compensated for in the signal processing 
(see Kitazaki and Griffin 1995 for examples). For measurements at the pelvis, legs, 
abdomen, shoulder, neck or head appropriate mechanical carriers are used which 
are strapped tightly to the body by means of elastic bands or belts. 
Of the possible output locations, the head has been by far the most popular since it 
is the location of the brain, the vestibular organs and the vision apparatus. Head 
motion is usually measured by a sensor attached either to a firmly strapped-on 
helmet (bicycle helmet being common) or by a set of accelerometers attached to a 
bite-bar. A bite-bar (see Griffin 1990 for details) consists of a dental mould which is 
held firmly between the teeth from which extends one or more rods carrying 
accelerometers. Sensor layouts of either 6 or 10 accelerometers have been used on 
bite-bars to measure the full six degrees of freedom of head motion. 
Probably the earliest known reports of whole-body transmissibility measurements 
were a group of papers published in Germany in the autumn of 1939 and spring of 
1940. It appears that the first to reach publication was a study by E.A. Von MOiler 
whose title, translated into English, was "The effects of vertical sinusoidal vibration 
on sitting and standing persons". In the study the transmission of vibration to the hips 
and head of 3 individuals was measured in both the sitting and the standing postures 
using a vibrating platform and specially built displacement sensors. Numerous 
features of the human response as we now understand it were already discussed in 
this early work. Figure 2.2 presents a curve of vibration amplitude measured at the 
head for 2 sitting subjects for frequencies from 1 to 10 Hz showed that one (C-SI) 
Chapter 2 - A Review of the Mechanical Response to WBV and its Modelling 16 
had a resonant response at both 4 and 8 Hz. These two frequencies are the principal 
externally measurable whole-body resonances of the adult human body in the sitting 
posture and have been studied in great detail in the years since Mueller's 
investigation. Figure 2.3 presents Mueller's floor-to-head displacement data for one 
standing subject at two different input amplitudes in three postures: straight knees 
(ST1), bent knees (ST2) and standing on toes with bent knees (ST3). He correctly 
hypothesised the changes brought about by different postures and correctly 
identified that bending the knees reduced the transmission of vibration to the upper 
body. The shape of the response curves was seen to change with excitation 
amplitude, a feature which was correctly interpreted to be caused by nonlinear 
behaviour of the body. Notable also in Muller's study was the range of 
measurements reported, from subjective response to pulmonary ventilation to heart 
rate to energy consumption and skin surface temperature. Pulmonary ventilation, for 
example, was found to increase greatly at frequencies from 5 to 6 Hz due to 
diaphragm movement induced by the resonant response of the upper body. 
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Figure 2.2 Head displacement measured for two seated subjects using sinusoidal 
vibration of fixed amplitude (reproduced from Mueller 1939) 
em 
Figure 2.3 Head displacement measured for 1 standing subject in 3 postures using 
1.6 cm (upper curves) and 0.4 cm (lower curves) sinusoidal excitation 
(reproduced from Mueller 1939) 
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Another study from the autumn of 1939 was by Georg Von Bekesy who described 
the functional principles of the skin mechanoreceptors and presented perhaps the 
world's first tactile perception threshold curve. Also presented was a transmissibility 
curve measured for a preloaded spinal segment containing 6 cervical vertebra 
(Figure 2.4). The measured axial transmissibility showed a peak at 250 Hz which was 
taken to be the first resonance frequency of the spine. Another innovation was the 
use of piezoelectric microphone elements mounted on a rubber backing for 
measuring the vibrations of the body surface. With these devices Von Bekesy 
performed transmissibility tests for a single standing subject for two cases: exposure 
by means of a moving floor and exposure by means of a moving handle. His 
graphical representation (Figure 2.5) of the results showed the today familiar 
concepts of vibration attenuation with distance from the energy source and across 
body articulations. 
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Figure 2.4 Test apparatus and transmissibility curve (in units of Bels) measured for 
a segment of the cervical spine (reproduced from Von Bekesy 1939) 
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Figure 2.5 Attenuation of vibration (in units of Bels) across the body with increasing 
distance from the source (reproduced from Von Bekesy 1939) 
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A 1940 paper by Coermann presented an electrodynamic exciter system (Figure 2.6) 
and coil sensors designed for human whole-body vibration testing. Measurements of 
vibration induced fatigue and vibration induced reduction in visual acuity were 
presented. As shown in Figure 2.7 seat-to-head transmissibility was presented for 10 
sitting and 1 standing subject over the frequency range from 15 to 140 Hz. 
Coermann noted that the vibration attenuation increased with increasing frequency 
and that the response was linear over the range of vibration amplitudes tested . 
Another characteristic of Coermann's study which renders it typical of later research 
was the impossibility of performing tests at low frequencies (below 15 Hz in 
Coermann's case) using the electrodynamic shaker system. To this day many 
tabulations of whole-body response begin from some minimum frequency such as 1, 
2 or 5 Hz due to the physical limitations of the exciter system or measurement 
instrumentation used. 
Figure 2.6 Electrodynamic exciter, test platform, signal generator, preamplifier and 
power amplifier used by Coermann (reproduced from Coermann 1940) 
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Figure 2.7 Vertical seat-to-head transmissibility for 10 seated and 1 standing 
(stehversuch) subjects (reproduced from Coermann 1940) 
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In 1957 as part of a research effort investigating the physiological problems of 
aircraft ejection Lantham measured vertical vibration for individuals seated without a 
backrest. Three accelerometers were used, one attached to the vibrating platform, 
one to a tightly strapped-on waist belt and the third was stitched to a tight fitting 
leather flying helmet. Sinusoidal vibration was applied at frequencies from 2 to 20 Hz 
and amplitudes from 0.375 inch to 0.15 inch. Transmissibility curves were produced 
by taking the ratio of peak output acceleration to peak input acceleration from seat to 
hip, from seat to head and from hip to head. All three curves had resonance peaks at 
5, 10 and 20 Hz corresponding to damping factors of 0.25,0.4 and 0.5 respectively. 
In 1959 Guignard published a comprehensive review of 129 references from the then 
existing literature. In tables he summarised the known body resonances, subjective 
reactions and performance impairments. For investigations involving vertical vibration 
resonances were reported at 2 Hz (unspecified/standing), 3 Hz (body/supine), 3 to 5 
Hz (trunk/sitting), 4 Hz (unspecified/sitting), 4 Hz (body/supine), 4 to 5 Hz (pectoral 
girdle/sitting), 4 to 7 Hz (unspecified/sitting), 5 Hz (trunk/sitting), 5 Hz (pectoral 
girdle/sitting), 5.6 Hz (abdominal viscera/supine), 5 to 8 Hz (abdominal 
viscera/supine), 6 Hz (trunk/sitting), 6 to 10 Hz (abdomen/unspecified), 8 to 10 Hz 
(abdominal viscera/sitting), 12 Hz (trunk/sitting), 14 Hz (vertebral column/sitting), 16 
to 30 Hz (soft parts of face/unspecified), 17 to 20 Hz (head/sitting) and 25 Hz 
(head/sitting). 
An influential 1961 ASD report by Coermann (also summarised in 1962 in Human 
Factors) developed in detail both the theory of driving point mechanical impedance 
and that of transmissibility as applied to the human body. Eight subjects were 
exposed to vertical vibration in each of three postures: sitting erect, sitting relaxed 
and standing erect. Sinusoidal excitation was used over the frequency range from 1 
to 20 Hz. Seat-ta-head transmissibility curves presented for one of the subjects 
(Figure 2.8) showed a dominant resonance at 5 Hz and a secondary resonance at 9 
Hz. Acceleration measurements performed at the pelvis and neck also permitted the 
calculation of the transmissibilities between the three body locations. From the 
analysis of the results Coermann concluded that the 5 Hz resonance was due to both 
pelvic and spinal motion while the secondary resonance at 9 Hz was due to motion 
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of only the pelvis. He also observed that further harmonics of the two resonances 
were too highly damped to be noticed in the externally measured transmissibil ities. 
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Figure 2.8 Seat-to-head transmissibility curves for one subject in three sitting 
postures (reproduced from Coermann 1961) 
A 1963 paper by Hodgson, Lissner and Patrick investigating the effects of aircraft 
ejection described the results from measurements performed on three seated 
cadavers using accelerations of up to 18g and rates of change of the acceleration 
Uerk) of up to 2,600 g per second. Accelerometers were fixed rigidly to the vertical 
acceleration platform, to the iliac crest of the pelvis, to the sternum and to the skull. 
As illustrated in Figure 2.9 the oscillatory behaviour of the acceleration time histories 
suggested resonant behaviour with a frequency of 27.5 Hz and an average damping 
ratio of 0.17. These early results showed that body stiffness is much greater, and 
body damping much lower, under high acceleration conditions . 
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Figure 2.9 Acceleration time history from one vertical acceleration table test 
(reproduced from Hodgson et. al. 1963) 
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A 1966 study by Christ and Dupuis presented an innovative technique for measuring 
whole-body response. Wire pins were inserted 15 mm into the spinous processes of 
each lumbar vertebra and of thoracic vertebra T12 under local anaesthesia. The 
ends were equipped with large markers whose motion could be recorded using a 35 
mm camera. Seated whole-body sinusoidal vibration tests were performed with one 
subject at frequencies from 0.5 to 8 Hz. The film record made against a calibration 
background grid permitted the tracing of marker trajectories and the determination of 
the maximum vibration amplitudes at each frequency. Seat-to-vertebrae 
transmissibility for both the vertical and the fore-and-aft directions showed a 
resonance at 4 Hz. Fore-and-aft motion was found to be a factor of two lower than 
vertical motion for all vertebrae. As part of the investigation random vibration tests 
were performed using several suspension seats. It was shown that a well designed 
suspension seat could lower the vertical displacement amplitude of the cervical and 
lumbar vertebra by 49% and 53% respectively. 
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Figure 2.10 Pins and markers for measuring vertebral motion amplitudes for L4, L2 
and T12 for one seated subject in the fore-and-aft and vertical directions 
(reproduced from Christ and Dupuis 1966) 
A 1975 study by Griffin presented vertical seat-to-head transmissibility for 12 
subjects exposed to six levels (from 0.2 to 4.0 m/s2) of sinusoidal vibration at 
frequencies from 7 to 75 Hz. Head motion was measured in the vertical, fore-and-aft 
and pitch directions. Two postures were tested, "maximum" and "minimum", which 
the subjects chose themselves so as to either maximise or minimise the sensation of 
vibration at the head. The study was one of the first to specifically address the issue 
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of inter and intra subject variability. Significant differences were found between the 
two sitting postures and across individual subjects. Differences in sitting posture 
were hypothesised by Griffin to be the greatest cause of variability between the 
transmissibilities reported in previous studies. 
A 1978 study by Griffin and Whitham analysed the individual variability of both 
mechanical and subjective seated response for 112 subjects subdivided into three 
groups: 56 men, 28 women and 28 children. For the mechanical evaluations seat-to-
head transmissibility was measured using two sinusoidal signals: 4 and 16 Hz at 1.0 
m/s2 r.m.s. amplitude. As shown in Figure 2.11 the transmissibility values for the 
group were found to be normally distributed. Statistically significant correlations with 
the anthropometric parameters of the subjects were found (particularly a negative 
correlation with height and weight) but the size of these effects was small. In fact, a 
conclusion drawn by the authors was that "it is clear from the correlation coefficients 
that it is not possible to make a usefully accurate prediction of the response of an 
individual from a knowledge of his age, sex or size". 
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Figure 2.11 Cumulative seat-to-head transmissibility at 4 Hz (top) and 16 Hz (bottom) 
for three groups of subjects (reproduced from Griffin and Whitham 1978) 
A 1978 study by Mertens described the nonlinear properties of the upright seated 
human body when exposed to vibration in the presence of increased gravity. The 
tests were performed in a rotating centrifuge first described by Vogt (1968). Nine 
subjects were exposed to sinusoidal vibration in the frequency range from 2 to 20 Hz 
with fixed r.m.s. acceleration amplitude of 0.4g. The gravity loading was varied from 
+1g to +4g in steps of 19. Both driving pOint impedance and seat-to-head 
transmissibility were measured. The main peak of the impedance curves of all 
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subjects was found to vary with gravity loading, taking the values: 5 Hz at +1 g, 11 Hz 
at +2g, 12 Hz at +3g and 13 Hz at +4g. The dominant seat-to-head resonance 
frequency was found to change with gravity loading: 5 Hz at +1 g, 10Hz at +2g, 11 
Hz at +3g and 13 Hz at +4g. No significant differences were found between the 
results of the male and female test subjects. 
A 1982 study by Wilder, Woodworth, Frymoyer and Pope investigated the effect of 
sitting posture on seat-to-head transmissibility and on the EMG activity measured at 
the right erector spinae and external oblique muscles at L3 level. An accelerometer 
was attached to the vibrating support while another was attached to a tightly 
strapped-on hockey helmet. Single and swept sine tests were performed over the 
range from 0 to 20 Hz for 45 subjects in the vertical direction. Several sitting postures 
were tested with the legs unsupported. As shown in Figures 2.12 and 2.13 posture 
was found to effect both the frequency value and the transmissibility gain of the two 
principal human body resonances, with more pronounced effects on the first than on 
the second resonance. Differences in the average results for males and females 
were found to be small, and significant in only a few cases. 
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Figure 2.12 Frequency and gain of the first body resonance measured for 45 subjects 
in various seated postures (reproduced from Wilder et. al. 1982) 
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Figure 2.13 Frequency and gain of the second body resonance measured for 45 
subjects in various seated postures (reproduced from Wilder et. al. 1982) 
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In 1985 a study by Hagena et. al. presented the results of in-vivo vertical 
transmissibility measurements performed for 11 subjects in the sitting and standing 
positions. Kirschner-wires (K wires) were inserted into the sacrum and into the 
spinous processes of the L 1, L4, L5, T6 and C7 vertebrae, permitting direct 
measurement of spinal response. Vertically orientated accelerometers were attached 
to each K-wire and to the support surface. Transmissibility curves were determined 
from the support to each vertebra and from the sacrum to each vertebra. 
Transmissibility peaks were found at 4, 13 and 19 Hz. Based on the observed 
vertebral movements the principal resonance at 4 Hz was suggested to be due to 
motion of the entire body while the secondary resonance at 13 Hz was suggested to 
correspond mostly to motion of the spinal column. The 19 Hz transmissibility peak 
was ascribed to a local response of the head. The transmissibilities for the seated 
and the standing postures were found to present only small differences. 
A 1986 paper by Panjabi et. al. presented in-vivo experiments of 5 seated subjects. 
A threaded 2.4 mm diameter Kirschner wire (K-wire) was used to fix accelerometers 
to the sacrum and to the spinous processes of L 1 and L3. A single accelerometer 
was attached to the pin inserted at the sacrum. A planar motion transducer (Figure 
2.14) consisting of a group of 3 accelerometers attached to an aluminium fixture was 
mounted at L 1 and at L3. Measurements were made using sinusoidal vertical 
vibration in the range from 2 to 15 Hz at amplitudes from 0.1 to 0.3 g. The principal 
body resonance was found to occur at 4.76 Hz. Comparison of the L 1 and L3 signals 
(Figure 2.15) at the resonance frequency showed them to be essentially the same, 
suggesting high stiffness in the lumbar region. 
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Figure 2.14 Three-accelerometer planer motion transducer (left) and in-vivo 
installation at L 1 and L3 (right) (reproduced from Panjabi et. al. 1986) 
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Figure 2.15 Vertical and fore-and-aft transmissibility measured at L 1 and L3 
(reproduced from Panjabi et. al. 1986) 
1987 saw the publication of International Standards Organisation 7962 (1987): 
Vibration and shock - Mechanical transmissibility of the human body. The standard 
summarised (Figure 2.16) the then existing literature treating seat-to-head and floor-
to-head transmissibility over the range from 0.5 to 31 .5 Hz. The tabulated values 
represented an average taken over several studies which had used different 
sensors, postures and measurement points at the head. A mass-spring-damper 
model was provided to simplify response computation. Despite the possible 
shortcomings of such an averaging method the standard remained in publication in 
its original form until amalgamated into the 2001 revision of International Standards 
Organisation 5982 Mechanical vibration and shock - range of idealised values to 
characterise seated-body biodynamic response under vertical vibration. 
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Figure 2.16 Modulus and phase curves for vertical seat-to-head and floor-to-head 
transmissibility from ISO 7962 (reproduced from ISO 7962: 1987 (E)) 
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A 1988 paper by Paddan and Griffin presented transmissibility curves measured for 
all 6 degrees of freedom at the head using vertical vibration input by means of a rigid 
seat and backrest unit. Head movement was measured using a bite-bar (Figure 2.17) 
carrying 6 accelerometers. The vibration signal was a Gaussian random signal with 
r.m.s. amplitude of 1.75 m/s2 and energy over the frequency interval from 0.2 to 31.5 
Hz. Two sitting postures were tested: back-on-backrest and back-off-backrest. Intra-
subject variability was evaluated by means of tests with one subject using 7 bite-bar 
masses and 5 bite-bar grips. Changes in seat-to-head transmissibility as a function 
of both increasing sensor mass and grip strength were found to be small. Inter-
subject variability was evaluated using 12 subjects (Figure 2.18) and was found to be 
the largest source of variance. The principal body resonance was found to be at 7 Hz 
for most subjects, with some showing evidence of a second peak in the region from 
10 to 14 Hz. Head motion was found to occur mostly in the fore-and-aft, vertical and 
pitch axis (the mid-sagittal plane). The back-on-backrest posture was found to 
increase the magnitude of head vibration in most cases. 
Figure 2.17 Bite-bar developed by Paddan and Griffin (reproduced from Paddan 
and Griffin 1988) 
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Figure 2.18 Seat-to-head transmissibility to all 6 OOF at the head from a vertical 
vibration input in the back-on- backrest (left) and back-off- backrest 
(right) postures (reproduced from Paddan and Griffin 1988) 
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A second 1988 paper by Paddan and Griffin presented seat-to-head transmissibilities 
for 12 subjects using fore-and-aft and lateral vibration at the seat. The same rigid 
seat and test method was used, but the Gaussian random signal was defined over 
the range from 0.2 to 16 Hz. For tests using fore-and-aft input vibration (Figure 2.19), 
resonances were found with the back-on-backrest posture at 1.5 and 8 Hz in the 
fore-and-aft direction , at 6.5 Hz in the vertical direction and at 7.5 Hz along the pitch 
axis. For tests in the same direction performed in the back-oft-backrest posture only 
a 2 Hz peak was found in the fore-and-aft response of the head and only a 4 Hz 
resonance was found in the vertical and pitch directions. With lateral vibration input 
(Figure 2.20) resonances were found at 2 Hz for both postures. The differences 
between the transmissibilities for the two postures were small and in most cases not 
statistically significant. The authors concluded that use of a backrest had a large 
effect on the fore-and-aft response but only a small effect on the lateral response. 
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Figure 2.19 Seat-to-head transmissibility to all 6 DOF at the head for a fore-and-
aft vibration input in the back-on-backrest (left) and back-off- backrest 
(right) postures (reproduced from Paddan and Griffin 1988) 
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Figure 2.20 Seat-to-head transmissibility to all 6 OOF at the head for a lateral 
vibration input in the back-on-backrest (left) and back-off- backrest 
(right) postures (reproduced from Paddan and Griffin 1988) 
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A 1989 study by Pope, Broman et. al. avoided the need for a complex shaker system 
by using instead a calibrated impact pendulum which struck a suspended platform. 
The pendulum delivered 3.9 joules of energy to the platform on which the subject 
was seated and produced a flat vibration spectrum from 2 to 30 Hz. An 
accelerometer was placed on the seat, a second on a threaded 10 mm K-wire 
inserted into the spinous process of the L3 vertebra and a third was placed on a bite-
bar held in the mouth. Transmissibilities were measured for three female subjects. A 
principal resonance was found at 5 Hz and a second in the region from 8 to 16 Hz. 
Soft foam materials placed under the subjects were found to lower the frequency and 
increase the gain of the first resonance. The same materials were found to reduce 
the gain of the second resonance, a behaviour which the authors suggested might 
be due to the deformed foam pads resisting the pelvic rotation associated with the 
second resonance. 
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Figure 2.21 Impact apparatus and transmissibilities measured for 3 female subjects 
sitting in a relaxed posture (reproduced from Pope et. al. 1989) 
A 1991 publication by Broman, Pope et. al. presented data from 3 female subjects 
tested using different levels of impact energy. Energy was varied by releasing the 
pendulum from either 10 of 15 degrees above the horizontal. Transmissibility results 
showed only small differences with input energy, leading the authors to claim that the 
body response was linear for the energy levels tested. The authors also proposed a 
new interpretation of the characteristic 5 Hz resonance claiming that is was due to 
compression of the buttocks tissue combined with rotational spinal motion. 
A 1991 study by Pope et. al. measured the relative motion between lumbar vertebrae 
in the mid-sagittal plane by means of a transducer consisting of pins inserted into the 
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spinous processes of adjacent vertebrae and linkages carrying accelerometers. The 
geometry of the linkage transducer permitted direct measurement of the relative axial 
translation, anterior-posterior shear and rotation. Three seated female subjects were 
tested. Motion across lumbar vertebrae L4 and L5 was measured for two subjects 
while motion across L3 and L4 was studied for the third. Input vibration at 
frequencies of 5 and 8 Hz at amplitudes from 0.5 to 1.5 m/s2 was used. Relative 
motions were found to be greater at 5 Hz than at 8 Hz, and axial displacement was 
larger than shear. Axial displacements ranged from 0.05 to 1.07 mm, shear 
displacements ranged from 0.01 to 0.35 mm and sagittal rotations ranged from 0.0 to 
0.4 degrees. 
A 1992 study by Paddan and Griffin investigated the effect of the measurement 
position at the head on seat-to-head transmissibility. 6 accelerometers were used to 
measure the full 6 degree of freedom motion of one reference point on a bite-bar. 
Assuming the bite-bar and head to act as a Single unit, 3 translational motions were 
then calculated for various points along the head by moving from back to front, from 
left ear to right ear and from chin to crown. 12 subjects were tested in the vertical 
direction while sitting on a rigid seat and backrest unit. Band-limited random vibration 
with content from 0.1 to 50 Hz and r.m.s. amplitude of 1.75 m/s2 was used. Head 
motion was found to occur mostly in the mid-sagittal plane. Of the three rotations, 
pitch had the greatest magnitudes while roll and yaw were small. The consequence 
of this movement pattern was to render the vertical transmissibility highly sensitive to 
the location of the measurement point along the fore-and-aft axis of the head and to 
render the fore-and-aft transmissibility highly sensitive to the location of the 
measurement point along the vertical axis from chin to crown. The head was found to 
exhibit resonances at 3 and 6 Hz for all subjects in the fore-and-aft direction and at 5 
Hz for all subjects in the vertical direction. 
A 1998 study by EI-Khatib et. al. measured the vertical accelerations at the seat, at 
the five lumbar vertebra and at the sternum for seven cadaveric subjects exposed to 
1.5 m/s2 r.m.s. random vibration in the frequency band from 0.8 to 25 Hz. The use of 
such subjects permitted rigid mounting of the accelerometers to the anterior face of 
the vertebral bodies. The main body resonance was found to occur at an average 
value of 6.3 Hz while the second was found from 10 to 15 Hz. Posture had an 
important effect on seat-to-head transmissibility with 10-14% differences in resonant 
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amplitude occurring between some postures. Inter-subject variability was found to be 
the largest effect with large changes occurring in the transmissibility functions from 
one subject to the next. The main result was the finding that the transmission of 
vertical vibration was nearly constant throughout the lumbar spine, accelerations 
from L 1 to L5 being approximately equal under all conditions tested. Also, the use of 
a lumbar support was found to not greatly affect transmissibility to the lumbar spine. 
Two papers published in 2000 by Nishiyama et. al. presented measurements from 
the seat to points on the human body for 11 subjects. Swept sine and random 
signals were used in the frequency range from 2 to 20 Hz. The subjects were seated 
in an automobile-like device consisting of seat, steering wheel and pedals which was 
vibrated in the vertical direction (Figure 2.22). The effect of arm position, and thus of 
steering wheel location, on transmissibility was measured (Figure 2.23). Four arm 
positions were tested: 90, 120, 150 and 180 degrees. The authors concluded that 
arm angle had a statistically significant effect on the motion of the upper arm, lower 
arm, thigh and shin. Head, chest and hip motion were largely unaffected. 
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Figure 2.22 Test arrangement and accelerometer locations used by Nishiyama et. 
al. (reproduced from Nishiyama et. al. 2000) 
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Figure 2.23 Transmissibility to 7 body locations for arm positions of 90 degrees 
(left) and 180 degrees (right) (reproduced from Nishiyama et. al. 2000) 
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2001 saw the publication of a thoroughly revised edition of International Standards 
Organisation standard 5982, now titled "Mechanical vibration and shock - range of 
idealised values to characterise seated-body biodynamic response under vertical 
vibration". While the 1981 edition of the standard provided only driving point 
mechanical impedance data, the 2001 edition replaced ISO 7962 by presenting seat-
to-head transmissibility data as well (Figure 2.24). Minimum, mean and maximum 
transmissibility curves are provided which are stated to be representative of (a) a 
posture described as erect seated without backrest support, with feet supported and 
vibrated, (b) subject mass in the range from 49 to 93 kg and (c) unweighted 
sinusoidal or random input acceleration amplitudes between 0.5 and 3.0 m/s2 with 
the predominance of frequencies within the range from 0.5 to 20 Hz. A three degree 
of freedom mass-spring-damper model was also provided in the standard and the 
movement of the upper mass m2 is stated to be "tentatively" representing the head. 
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Figure 2.24 Minimum, mean and maximum seat-to-head transmissibility values for the 
seated body under vertical vibration (reproduced from ISO 5982:2001 (E)) 
2.4 Impedance and Apparent Mass Measurements 
Two common methods for reporting human mechanical response to vibration are the 
driving point mechanical impedance and the driving point apparent mass. The 
mechanical impedance function is defined as 
Z(jOJ) F(jm) 
v(jOJ) (2.2) 
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where F is the input force measured at the driving point, v is the response velocity 
measured at the driving point, 0) is the frequency of oscillation and j = ~. The 
driving point apparent mass function is defined as 
M(jOJ) F(jOJ) 
a(jOJ) 
Z(jOJ) 
jOJ (2.3) 
where a is the driving point acceleration. These measurements are normally 
performed using a platform which is rigid over the frequency interval of interest, 
attached to a vibration exciter by means of one or more force transducers. Platform 
motion is measured using a displacement transducer or acceleration sensor fixed at 
some convenient point along the surface. The test subject is typically seated or 
standing, but driving point measurements for other postures can be found in the 
literature. The most commonly used input vibration waveforms are sinusoidal, swept 
sinusoidal and Gaussian random with r.m.s. levels from 0.1 to 1.5 m/s2 and time 
durations of from 30 to 120 seconds per exposure. 
The modulus and phase of the mechanical impedance was determined in most early 
studies using sinusoidal excitation by reading the amplitude and phase values 
directly from an oscillograph or oscilloscope. More recently it has become common to 
use random excitation and to perform Fourier analysiS on the acquired time histories 
using an FFT analyser. The ratio of force to either velocity or acceleration is normally 
determined using a spectral estimator, either H1, H2 or Hv, which assumes random 
measurement error on either the input signal, the output signal or both signals 
respectively (see chapter 3 for details). 
Probably the earliest known reporting of human whole-body driving point mechanical 
impedance was published by Von Bekesy in 1939. The shape of the impedance 
curve for a single standing subject (Figure 2.25) showed a response peak at 10Hz. 
Von Bekesy concluded from this that the human body did not act as a pure mass 
when vibrated. 
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Figure 2.25 Vertical direction driving point mechanical impedance curve for a single 
standing subject (reproduced from Von Bekesy 1939) 
A 1957 paper by Dieckmann presented various whole-body measurements for the 
sitting and the standing postures. Among the material was a comparison of the 
driving point mechanical impedance curve measured for one standing subject to that 
for a rigid mass (Figure 2.26). As with Von Bekesy, Dieckmann noted that "the shape 
of the impedance curve of the human body shows that in relation to impressed 
vibrations the human body cannot be looked upon as a simple mass". The author 
also noted peaks at 5 Hz and 12 Hz suggesting the presence of two body 
resonances. 
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Figure 2.26 Mechanical impedance measured for a standing subject and for a rigid 
mass (reproduced from Dieckmann 1957) 
An influential 1961 ASD report by Coermann (published also in 1962 in Human 
Factors) developed in detail the theory of mechanical impedance as applied to the 
human body and discussed in detail the experimental arrangements. Eight subjects 
were exposed to sinusoidal vertical vibration in each of three postures: sitting erect, 
sitting relaxed and standing erect. Sinusoidal excitation was used over the frequency 
range from 1 to 20 Hz. Coermann observed that the seated or standing human body 
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acted as a rigid mass for frequencies up to 2 Hz after which resonant dynamics could 
be found. The location of the peaks in the impedance modulus curves were found to 
change both as a function of posture and of input excitation level. Results for one 
subject showed that the dominant peak changed from 6.3, to 5.2 to 5.9 when moving 
from the sitting erect, to the sitting relaxed to the standing posture (Figure 2.27). 
Tests performed using one subject at r.m.s. acceleration amplitudes from 0.1 to 0.5 g 
showed that the whole-body response was nonlinear, but that changes in the 
impedance modulus and phase were within a range of about 10%. Coermann fitted a 
one degree of freedom mass-spring-damper model to the data (Figure 2.28) and 
found damping ratios from 0.57 to 0.74 depending on the posture . 
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Figure 2.27 Driving point mechanical impedance modulus measured for one subject 
in several body postures (reproduced from Coermann 1961) 
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Figure 2.28 Median, 20th percentile and 80th percentile impedance modulus curves 
for 8 subjects sitting erect (reproduced from Coermann 1961) 
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A 1966 paper by Weis and Primiano developed an expression for the movement of 
the human centre of gravity given the measured driving point mechanical impedance 
and support surface acceleration. 
where: 
(2.4) 
S m is the Fourier Transform of the person's centre of mass displacement 
S s is the Fourier Transform of the displacement of the support surface 
Z (OJ) is the measured driving point mechanical impedance 
M m is the mass of the person 
j=r-t. 
Also presented were driving point impedance measurements from two subjects 
which were used to show that the human body behaved as a rigid mass up to 2 Hz, 
that one or more resonance were present in the region from 5 to 12 Hz and that 
impedance dropped above 15 Hz. Although they did not state to which frequencies 
they were referring, the authors concluded that there was 3 to 5 dB of amplification of 
the centre of mass motion at certain resonance frequencies and that the damping 
factor appeared to be in the range from 0.3 to 0.4. 
A 1968 paper by Vogt et. a!. presented driving point impedance data measured for a 
group of ten male subjects using a shaker platform attached to a centrifuge. By 
rotating in a circle the centrifuge allowed the vibration testing to be performed under 
different constant acceleration conditions. Vibration tests were performed at gravity 
loadings of +1g, +2g and +3g in the direction normal to the seat surface (generating 
compressive forces on the spine). Under these conditions the overall stiffness of the 
body was found to increase from 69x106 dyne/cm under normal gravity to 164x106 
dyne/cm under 3g acceleration. The change in stiffness caused the first impedance 
peak to move from 5 Hz under normal acceleration to 7 Hz under +2g acceleration to 
8 Hz at +3g. The damping coefficient was found to be relatively constant at a value 
of 0.575 across all experiments. 
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A 1968 paper by Vykukal described mechanical impedance tests performed for 4 
subjects using a man-carrying device (Figure 2.29) and centrifuge. The subjects 
were constrained to sit in the semi-supine position typical of the early space vehicles. 
Impedance measurements were made using sinusoidal inputs of 0.4 g r.m.s. 
amplitude at frequencies from 2.5 to 20 Hz, coupled with constant acceleration 
loadings of +1g, +2.5g and +4g from the centrifuge (Figure 2.30). The author 
concluded that increased gravity conditions caused the body to show increased 
stiffness, reduced damping and higher transmission of energy to the internal organs. 
Figure 2.29 NASA Ames man-carrying vibration device used in centrifuge tests 
(reproduced from Vykukal 1968) 
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Figure 2.30 Impedance modulus and phase for one subject tested at three levels of 
constant acceleration in a centrifuge (reproduced from Vykukal 1968) 
A 1975 paper by Miwa presented vertical driving point mechanical impedance for 
subjects in a variety of postures over the frequency range from 3 to 200 Hz. The 
postures included kneeling, sitting with various leg supports, sitting semi-supine, 
sitting stooped, sitting cross legged, standing, standing knees bent. standing on 
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heels, standing on toes, standing on one leg, standing with knees completely bent, 
standing on knees, back only on table , abdomen only on table, head only on table 
and various tests of the legs and hand-arm system. Sinusoidal excitation was applied 
using amplitudes of 0.1 or 0.3 g r.m.s .. The results showed that increasing the 
excitation amplitude lowered both the frequency and the modulus of the impedance 
peaks. Impedance peaks were found for the kneeling posture at 6 and 15 Hz, for the 
sitting posture at 6.5, 16 and 50 Hz, for the standing posture at 7, 18 and 55 Hz and 
for semi-supine sitting at 4, 7.5, 18 and 50 Hz. 
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Figure 2.31 Vertical mechanical impedance averaged over 20 subjects for the kneeling 
and standing postures (reproduced from Miwa 1975) 
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Figure 2.32 Vertical mechanical impedance of 20 seated subjects subdivided according 
to the presence of a 50 Hz peak (reproduced from Miwa 1975) 
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Figure 2.33 Vertical mechanical impedance for 5 subjects in the semi-supine sitting 
posture (reproduced from Miwa 1975) 
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A 1978 paper by Sandover suggested the potential superiority of apparent mass 
measurements over impedance measurements when investigating whole-body 
dynamic response. Apparent mass functions were determined for the seated posture 
in the vertical direction using random vibration over the frequency interval from 0.5 to 
25 Hz. Results obtained using acceleration input signals having various spectral 
distributions at r.m.s. levels of either 1 or 2 m/s2 were found to be similar leading the 
author to state that whole-body response could be considered linear, to a first 
approximation, for applications such as transport systems. The peak apparent mass 
and transmissibility values found in this study were at 4.5 Hz. 
In 1981 the International Standards Organisation published Standard 5982 (1981): 
Vibration and shock - Mechanical driving point impedance of the human body. It was 
a summary of the then existing literature for driving point mechanical impedance of 
the body in the vertical direction for the seated, standing and supine postures. 
Modulus and phase were presented in both tabular and graphical (Figure 2.34) form 
for the interval 0.5 to 31.5 Hz. To simplify calculation a mass-spring-damper model 
was also specified. The standard remained in use until revised in 2001. 
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Figure 2.34 Modulus and phase curves specified in ISO 5982:1981 
(reproduced from Griffin 1990) 
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A 1989 study by Fairley and Griffin investigated the effects of subject anthropometry, 
gender, sitting posture and response linearity. Vertical apparent mass was measured 
for a group of 60 people composed of 12 children, 24 women and 24 men. Gaussian 
random acceleration signals were used which covered the frequency interval from 
0.25 to 20 Hz and had an r.m.s. amplitude of 1.0 m/s2. The average frequency of the 
main peak was found to be 6 Hz at 0.25 m/s2 acceleration, decreasing to 4 Hz at 2.0 
m/s2. Repeat testing of the same individual showed that the apparent mass varied by 
less than 10% from test to test. The effect of foot support was found to be large. For 
the moving footrest the apparent mass values at low frequencies tended towards the 
static mass supported by the seat, but for the fixed footrest the values varied as a 
function of the height from ground and the static stiffness of the lower body. The 
lower the footrest the lower the apparent mass values at frequencies below the first 
resonance. A correlation analysis between the static mass normalised apparent 
mass values and the anthropometric data of the subjects showed some statistically 
significant relationships but the changes were small. The frequency and amplitude of 
the first peak were affected by both body weight and sitting height. Subject age had a 
large effect on the normalised apparent mass at 20 Hz, but not at 10Hz. Fairley and 
Griffin defined a mean normalised apparent mass curve describing the 60 subjects 
(Figure 2.35) and provided an associated three mass lumped parameter model. 
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Figure 2.35 Apparent mass of 60 test subjects and normalised mean and one 
standard deviation curves (reproduced from Fairley and Griffin 1989) 
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A further paper in 1990 by Fairley and Griffin presented apparent mass results for 8 
seated subjects tested in the fore-and-aft and lateral directions (Figure 2.36) . Two 
postures were tested, "with-a-backrest" and "without-a-backrest" , using 0.25 to 20 Hz 
random vibration at levels from 0.5 to 2.0 m/s2 r.m.s .. With no backrest both the 
fore-and-aft and lateral directions showed a peak at 0.7 Hz and a second , smaller, 
peak in the region from 1.5 to 3 Hz. With a backrest a single peak was found at 3.5 
Hz for the fore-and-aft direction and at about 1.5 Hz for the lateral direction. The 
effect of the backrest was found to be most pronounced in the fore-and-aft direction. 
Muscle tension was found to influence the apparent mass in either direction. 
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Figure 2.36 Mean apparent mass of 8 subjects with a backrest (top) and without a 
backrest (bottom) in the fore-and-aft (dotted line), lateral (dashed line) and 
vertical (solid line) directions (reproduced from Fairley and Griffin 1990) 
A 1998 paper by Holmlund and Lunstrom presented impedance data for 15 female 
and 15 male seated subjects tested under sinusoidal acceleration in the fore-and-aft 
and the lateral directions. Frequencies from 1 to 80 Hz and amplitudes from 0.25 to 
1.4 m/s2 r.m.s. were used. All impedance values were normalised by the seated 
mass of the subjects (Figure 2.37). For both directions the curves were found to 
increase with frequency until reaching a peak in the region from 2 to 5 Hz. For the 
lateral direction a second peak was found for most subjects from 5 to 7 Hz. The 
authors observed that the peak at 4 Hz would separate into two peaks at about 3 and 
6 Hz at low test amplitudes and in relaxed postures. ANOVA tests showed significant 
gender-based variability while a Wilcoxon test showed a significant dependency on 
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sitting posture. An important conclusion drawn by the authors was that the 
impedance curves for the fore-and-aft and the lateral directions were sufficiently 
different to support the development of separate evaluation methods for each axis. 
XFE X FR XMI'; XMR 
(X) fore-and-aft 
direction 
(Y) lateral direction 
(E) erect posture 
(R) relaxed posture 
(F) females 
(M) males 
Figure 2.37 Mean normalised impedance curves for 30 subjects tested at six 
acceleration levels (reproduced from Holmlund and Lundstrom 1998) 
A 1999 paper by Mansfield and Lundstrom presented apparent mass data for 5 male 
and 15 female subjects exposed to random vibration in the frequency range from 1.5 
to 20 Hz at three amplitudes: 0.25, 0.5 and 1.0 m/s2 . The novelty of this investigation 
was the testing of the principle that vibrational disturbances can be summed across 
different axis by linear superposition. Superposition of vibrations acting at different 
measurement points and along different axis is an assumption of all existing 
standards. The authors measured the apparent mass of their seated subjects using 
a rig which permitted the orientation of the seat and subject to be varied with respect 
to the vibration exciter. Measurements were performed for angles of 0,22.5,45,67.5 
and 90 degrees to the mid-sagittal plane. Two response peaks were found for all 
subjects. The first was at 3 Hz at low levels of vibration, decreasing to 2 Hz at high 
levels. The second peak at 5 Hz and changed little with amplitude. The frequency of 
the first peak decreased as the direction changed from 0 degrees (fore-and-aft 
direction) to 90 degrees (lateral direction). By combining measurements of force and 
acceleration made along two orthogonal directions and comparing the result to direct 
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measurement along the axis it was found that the principle of superposition did not 
hold for horizontal whole-body vibration. 
A 2000 paper by Holmlund, Lunstrom and Lindberg presented vertical seated 
impedance measured for a group of 15 males and 15 females (Figure 2.38). 
Sinusoidal excitation was used in the interval from 2 to 100 Hz at amplitudes from 
0.5 to 1.4 m/s2. The impedance was found to increase up to a first maximum in the 
range from 4 to 6 Hz. For most subjects second and third maxima were found in the 
ranges from 8 to 12 Hz and from 50 to 70 Hz respectively. Female subjects generally 
produced a more distinct and often higher peak at the second maxima. The authors 
compared their results to the impedance curves of ISO 5982 and noted important 
differences which were attributed to differences in test conditions used. 
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Figure 2.38 Vertical mass normalised impedance for 30 subjects in erect and 
relaxed postures under sinusoidal 1.0 m/s2 acceleration (reproduced 
from Holmlund, Lundstrom and Lindberg 2000) 
A 2000 paper by Mansfield and Griffin analysed the nonlinear response of the body. 
Vertical apparent mass and seat-to-body transmissibility was presented for 12 
subjects tested at 6 magnitudes of random vibration from 0.25 to 2.5 m/s2 (Figure 
2.39). Transmissibility was determined from the seat to the upper and lower 
abdominal wall , to L3, to the superior iliac spine and to the iliac crest. The peak in the 
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average apparent mass function calculated across the group was found to decrease 
from 5.4 to 4.2 Hz from the lowest to the highest vibration amplitude tested. This 
softening system behaviour was also found in the average transmissibility results, 
with resonant peaks moving to lower frequencies as the amplitude increased. 
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Figure 2.39 Median normalised vertical apparent mass for 12 subjects at 6 amplitudes 
of random vibration. Curves ordered from lowest amplitude (dotted line) to 
highest (solid line) (reproduced from Mansfield and Griffin 2000) 
2001 saw the publication of a revised edition of ISO standard 5982, now titled 
"Mechanical vibration and shock - range of idealised values to characterise seated-
body biodynamic response under vertical vibration". The 1981 edition had been 
criticised due to the limited number of data sets considered during development and 
due to use of data from several body postures. During the revision great care was 
taken to clarify the body posture represented (seated), the data sets considered and 
the statistical validity. From the literature only tabulated data generated using 
acceleration levels less than 5 m/s2 and subject's with body mass in the range from 
49 to 93 kg was used. The ISO committee defined minimum, maximum and mean 
curves of mechanical impedance (Figure 2.40), apparent mass (Figure 2.41) and 
seat-to-head transmissibility. A mass-spring-damper model was also provided to 
facilitate calculation. The mean and limit curves were stated to be representative of 
(a) a posture described as erect seated without backrest support, with feet supported 
and vibrated, (b) subject mass in the range from 49 to 93 kg and (c) unweighted 
sinusoidal or random input acceleration amplitudes between 0.5 and 3.0 m/s2 with 
the predominance of frequencies within the range from 0.5 to 20 Hz. The standard 
suggests the use of the mean values for developing mechanical surrogates for 
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applications such as seat testing. The tabulated data and model are claimed to be 
representative of the exposures which occur when driving vehicles such as 
agricultural tractors, earth moving equipment and fork-lift trucks. The standard warns 
against applying the data to automobiles since the specified impedance is not wholly 
representative of the vibration amplitudes and sitting postures found in cars. 
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Figure 2.40 Minimum, maximum and mean impedance curves for the seated body 
under vertical vibration (reproduced from ISO 5982:2001 (E)) 
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Figure 2.41 Minimum, maximum and mean apparent mass curves for the seated body 
under vertical vibration (reproduced from ISO 5982:2001 (E)) 
A 2002 paper by Rakheja, Stiharu and Boileau presented seated vertical apparent 
mass functions for 24 subjects using Sitting postures and vibration amplitudes typical 
of automobiles. The objective was to quantify the differences that such conditions 
cause with respect to the simplified postures used in most tests reported in the 
literature. A rigid seat with vertical support surface inclined at 13 degrees to the 
horizontal and with included backrest angle of 101 degrees was used, along with an 
automobile steering wheel set at a column angle of 23 degrees (Figure 2.42). The 
acceleration signals were 0.5 to 40 Hz Gaussian vibration at 0.25, 0.5 and 1.0 m/s2 
and a road signal measured over a rough surface which had an r.m.s . amplitude of 
1.07 m/s2. Considerable variation was found with respect to the standard postures. 
Chapter 2 - A Review of the Mechanical Response to WBV and its Modelling 45 
For the hands-in-Iap sitting posture the apparent mass peaks were found to be in the 
region from 6.5 to 8.6 Hz, considerably higher than the 4.5 to 5 Hz most often 
reported in the literature. Body response in this posture was found to be significantly 
different from the data of ISO 5982 (see Figure 2.43). For the hands-on-steering-
wheel posture the magnitude of the apparent mass peak tended to be considerably 
smaller than in the hands-on-Iap posture. The second whole-body response peak 
from 8 to 12 Hz was also larger. The authors concluded that hand position and 
subject mass had a significant influence on apparent mass under automotive 
postures and vibration levels. 
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Figure 2.42 Test seat and steering wheel for measuring whole-body apparent 
mass in automotive postures (reproduced from Rakheja et. al. 2002) 
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Figure 2.43 Average apparent mass for automotive postures. Comparison of 
results from hands-in-Iap to ISO 5982 (left) and to those from hands-
on-wheel (right) (reproduced from Rakheja et. al. 2002) 
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2.5 Absorbed Power Measurements 
A 1964 paper by Weis, Neville, Clarke and Brinkley discussed the theoretical 
framework and the possible use of driving point mechanical impedance when 
studying human dynamic response. Since the two quantities used to determine 
impedance are also the quantities defining power 
pew) = F(w) V(w) (2.5) 
the expression for the power was rearranged in terms of impedance 
P(OJ) Z(OJ) V (OJ) V (OJ) (2.6) 
and since impedance Z(m) is a complex measure the authors suggested inspecting 
the real and imaginary parts individually 
ZRe (OJ) = IZ(OJ)I cos LZ(OJ) and Zlm (OJ) = IZ(OJ)I sin LZ(OJ) (2.7) 
Weis et. al. noted that only the imaginary part of their whole-body data sets was 
significant at frequencies below 5 Hz, suggesting that the human body acted as a 
pure mass below this frequency since for a pure mass the phase angle between 
output force and input velocity is expected to be positive 90 degrees. The data sets 
had large values of both the imaginary and the real parts of the impedance in the 
region from 5 to 15 Hz, and the balance between the two was found to be "complex 
and highly dependent on sitting posture" for frequencies greater than 15 Hz. The 
region from 5 to 15 Hz was singled out by the authors as important due to the high 
energy transfer into the body which then had to be dissipated internally. While not 
actually using the expression "absorbed power" in their work these authors helped to 
lay the foundation for this line of investigation. 
An influential 1968 paper by Lee and Pradko presented the results of what the 
authors described as "extensive testing" of seated human subjects. They tabulated 
impedance modulus, impedance phase angle and absorbed power for the frequency 
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interval from 0 to 12 Hz. Results for all three axis of seated whole-body vibration 
were presented as well as vertical absorbed power for the feet alone. Lee and 
Pradko suggested the superiority of the absorbed power method due to absorbed 
power being a physically interpretable quantity and because, being a scalar, it could 
be easily summed along different axis. 
A 1998 paper by LundstrOm, Holmlund and Lindberg presented absorbed power for 
15 males and 15 females tested using sinusoidal vibration from 2 to 100 Hz at r.m.s. 
amplitudes from 0.5 to 1.4 m/s2• As shown in Figure 2.44 the absorbed power 
increased with frequency until 4 to 6 Hz after which it decreased. The frequency of 
maximum absorbed power decreased with increasing amplitude and when changing 
from an erect to a relaxed posture. The absorbed power was found to increase with 
the square of the input acceleration amplitude and proportionally with subject mass. 
To facilitate comparisons between subjects of different size the authors chose mass 
to normalise their data. After normalisation the curves were found to be nearly 
identical to the 1968 Lee and Pradko results. A further point developed by the 
authors was the different frequency dependence of their average absorbed power 
curves with respect to the frequency weighting curves of ISO 2631-1 (1997) based 
on subjective response data. The authors proposed that if absorbed power were 
found to be predictive of damage to biological tissue then the ISO curves were 
overestimating the damage potential at frequencies below 6 Hz while 
underestimating the damage potential for frequencies greater than 6 Hz. 
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Figure 2.44 Mean normalised absorbed power for 15 females and 15 males at 5 
acceleration amplitudes (reproduced from LundstrOm, Holmlund and 
Lindberg 1989) 
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A second 1998 paper by Lundstrom and Holmlund presented absorbed power 
measurements for the same group of 15 male and 15 female subjects, but in all 
three vibration axis (Figure 2.45). Sinusoidal vibration was used at frequencies from 
1 to 80 Hz and r.m.s. amplitudes from 0.25 to 1.4 m/s2• Absorbed power was found 
to increase with frequency up to a peak from 4 to 6 Hz for vertical vibration and to 
increase up to 3 Hz for fore-and-aft and lateral vibration. ANOVA testing suggested 
that females absorbed more power per kilogram than males. The authors again 
noted the different conclusions that would be drawn about the same vibration 
exposure by use of the ISO 2631 frequency weightings or by a line of constant 
absorbed power. 
2 4 8 16 31.563 2 4 8 1631.563 2 4 B 16 31.563 
Figure 2.45 Mean normalised absorbed power for the x (a), y (b), and z (c) 
directions at six acceleration amplitudes for 30 subjects in 2 postures 
(reproduced from Lundstrom and Holmlund 1998) 
A 1998 paper by Mansfield and Griffin presented seated absorbed power curves for 
12 male subjects measured using random excitation in the interval from 0.2 to 20 Hz 
at r.m.s. acceleration amplitudes from 0.25 to 2.5 m/s2• The authors noted that it was 
convenient to determine the absorbed power from the cross spectrum between the 
velocity and force as 
(2.8) 
Since absorbed power was found to increase in proportion to the square of the 
acceleration (see Figure 2.46) the authors chose acceleration to normalise their data, 
which had the added advantage of compensating any variations due to differences in 
the acceleration of the test signal from frequency to frequency (see Figure 2.47). The 
frequency of maximum absorbed power was found to be 5 Hz, with decay gradients 
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of -12 dB/octave either side of the peak. This frequency was lower, and the 
absorbed power greater, at higher vibration amplitudes. The authors compared their 
results to those of both Lee and Pradko (1968) and Lundstrom et. al. (1998) and 
concluded that there was a remarkable similarity between the data sets. Like 
Lundstrom et. al. they compared their findings to the frequency weighting curves 
specified in ISO 2631 and BS 6841. Unlike the previous authors, however, they 
concluded that the differences suggested that "the absorbed power is unlikely to 
yield good general predictions of the discomfort or risks of injury from whole-body 
vertical vibration". 
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Figure 2.46 Absorbed power of 12 subjects tested at 6 acceleration amplitudes 
(reproduced from Mansfield and Griffin) 
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Figure 2.47 Normalised absorbed power of 12 subjects tested at 6 acceleration 
amplitudes (reproduced from Mansfield and Griffin) 
A 2001 paper by Mansfield, Holmlund and LunstrOm presented vertical direction 
apparent mass and absorbed power for 24 subjects exposed to 15 vibration 
conditions. The input acceleration signals were of 5 types and were scaled to three 
r.m.s. amplitudes: 0.5, 1.0 and 1.5 m/s2• The five types were random, repeated 
equally spaced shocks, repeated unequally spaced shocks, random background with 
equally spaced shocks and random background with unequally spaced shocks. The 
objective was to identify any systematic differences measured for shocks as opposed 
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to continuous vibration. The shape of the absorbed power curves changed little with 
excitation type or amplitude, but the frequency value of the absorbed power peak in 
the region from 4 to 7 Hz was found to drop with increasing input amplitude. For 
individual subjects the total absorbed power, calculated as the integral of the 
absorbed power curve from 3 to 20 Hz, showed statistically significant increases for 
shock signals with respect to continuous vibration. 
2.6 Modelling the Mechanical Response of the Human Body to Vibration 
The human body has traditionally been modelled for vibrational purposes as 
consisting of a finite number of elements each with its own mass, stiffness and 
damping properties. Such models can serve one of two basic purposes: (1) to 
represent the input impedance of the body to a sufficient degree to permit its 
simulation in the testing of objects such as seats and (2) to represent the inner 
structures and dynamic mechanisms of the body to a sufficient extent to aid the 
understanding of human motion and of the potentially damaging effects of vibration 
on tissue and organs. This section presents the most significant examples of the two 
model types. 
Early attempts at modelling the dynamic behaviour of the seated body were driven by 
the need to better understand aircraft ejection. Three of the first four pilots who 
tested ejector seats during WWII suffered spinal injury. An understanding of human 
body dynamics and tolerance limits was needed. The earliest recorded use of a 
dynamic model of the body was made at this time by Siegfried Ruff (Ruff 1950) 
whose model treated the body as a rigid mass which is accelerated during ejection. 
Spinal injuries such as vertebral ruptures were considered to occur after what Ruff 
termed a "rupture path". He assumed an acceleration ramp law of the form 
a (2.9) 
and also assumed that rupture of body structures such as the spinal vertebrae or soft 
tissue was characterised by a physiological "rupture distance". By double integrating 
ejection acceleration data from the tests in which the three pilots suffered spinal 
injury Ruff was able to estimate the "rupture distance" and then tabulate maximum 
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tolerable values of C, t and m. Ruffs acceleration tolerance curve was the basis for 
ejector seat design of many years subsequent to his work. 
In 1957 Lantham presented a paper in which experimental data from vertical 
vibration tests in the range from 2 to 20 Hz was used to develop a lumped parameter 
model consisting of a mass for the head (18 Ib), a mass for the torso and equipment 
(135 Ib) and a mass for the seat (119 Ib) connected by springs and dampers. The 
spring and damper values produced natural frequencies of the three subsystems of 
5, 10 and 20 Hz and damping factors 0.25,0.4 and 0.5 respectively. The model was 
constructed and analysed using an analogue computer. Simulations were used to 
choose between several possible seat stiffness values and helped to establish upper 
limits for maximum peak ejection acceleration (25g) and rate (300 g/s). 
In 1958 Hess and Lombard modelled the spinal column as a continuous elastic 
beam. The assumption was made that the movements of the upper body were 
mostly along the axis of the spine, thus rendering the problem one-dimensional. The 
body was treated as a homogenous elastic rod, specified by three parameters: 
length, density and elastic coefficient. One end of the rod was free while the other 
was subjected to the prescribed acceleration of the seat. An analogue computer was 
used to simulate the system and ejection data from 17 test subjects was used to 
determined average model parameters by a process of matching the simulator 
output to the experimental head acceleration data. The average model had a wave 
travel time (from seat surface to head) of 0.025 seconds. 
In 1961 Payne developed an influential set of one and two degree of freedom mass-
spring and mass-spring-damper models of the body. He presented detailed analytical 
development of the impact dynamics of several combinations of human body posture 
and seat restraint. Experimental data relative to the human spine was gathered from 
the available sources of the period to produce composite tolerance envelopes, and 
these envelopes were used as the basis for estimating the parameter values of two 
degree of freedom mass-spring and mass-spring-damper models of the spine and 
torso. The natural frequencies of the model were 1.87 and 44.24 Hz which were 
called the "visceral mode" and the "spinal mode". Payne's analytical developments 
served as the basis for much later research including the well known Dynamic 
Response Index (ORI) model developed by the same author 
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In 1966 Liu and Murray presented an aircraft ejection model in which the spine was 
again treated as a uniform elastic beam but which, this time, had at the top a rigid 
mass representing the head. The authors obtained a closed form solution for the 
stresses developed in the case of an acceleration pulse applied to the hip. Their 
formulation was the first attempt at answering the question of where and when the 
maximal axial stresses occur along the spinal column. 
A 1966 study by Toth was the first to present a model in which individual vertebra 
were considered as separately moving objects. Though the model still treated spinal 
motion as being purely axial, eight mass elements representing pelvis through to T11 
were connected together by nonlinear springs and dampers. A spring was also used 
to represent the stiffness of the soft tissue between the rigid seat surface and the 
pelvis. A trapezoidal pulse taking 0.005 seconds to linearly reach a peak value of 60g 
then remain constant for 0.005 seconds was applied. The resulting forces acting at 
each vertebra were compared to their known failure strengths and it was determined 
that L 1 would be the first to rupture. 
In 1968 Terry and Roberts improved the continuous rod model of Hess and Lombard 
by representing the spine as a uniform Maxwell-type medium without a terminal 
mass. A Maxwell constitutive equation was used of the form 
. 1. 1 
E = -0"+-0" 
E 11 (2.10) 
where e represents the strain, u the stress, E the Young's modulus, 1/ the dynamic 
viscosity of the damping and the dot denotes differentiation with respect to time. It 
was combined with the equation of motion of a one-dimensional wave in a uniform 
rod to develop the governing partial differential equations. A computer program 
determined the optimal Young's modulus and Poisson ratio by comparing the model 
predicted output to experimental head acceleration data from ramp tests with 
cadavers (Figure 2.48). The best fits were obtained for data sets with low maximum 
acceleration values. The authors noted the change in the response frequency and 
damping with changing acceleration level and suggested that the equations might be 
improved by making the viscosity a function of the strain rate. The natural frequency 
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of the ejection models was found to be 12 Hz, higher than the natural frequency of 
models developed for low acceleration environments. 
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Figure 2.48 Best fit model response and experimental head acceleration from a 
low acceleration ramp test (reproduced from Terry and Roberts 1968) 
A 1970 paper by G.R. Hopkins presented two nonlinear lumped parameter models of 
the seated body under vertical vibration. The first, which the author called the 
"nonlinear geometry model", used abdominal springs which did not rigidly couple the 
movement of the abdominal mass to that of the upper and lower body. Hopkins 
argued that when the visceral mass moved towards the head it compressed the 
lungs but did not put tension on the abdominal wall or pelvis. Likewise, when it 
moved downward it compressed lower structures but did not pull the diaphragm. The 
second model included the pumping action of the lungs which push air in and out 
through an orifice following the movement of the abdominal mass. This "nonlinear 
dynamic" model had an additional nonlinear force-displacement relationship added to 
the equations of motion to represent the air flow through the orifice. Appropriate 
choice of model parameters was shown to lead to driving point mechanical 
impedance values which approximated experimental data sets from the literature. 
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Figure 2.49 Nonlinear geometry model (left) and nonlinear dynamic model (right) 
developed by Hopkins (reproduced from Hopkins 1970) 
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In 1971 Orne and Liu developed a detailed model of the lumbar and thoracic spine. 
Each vertebra was modelled as a 3 degree of freedom rigid body connected to 
adjacent vertebra by means of springs which represented the axial, shear and 
bending resistance of the intervertebral discs. The elements were positioned such 
that their initial configuration simulated the seated curvature of the spine, and each 
rigid body was loaded dynamically by the eccentric inertial properties of the local 
organs and tissue. A trapezoidal ejection pulse with finite rise time and peak value of 
10 g was used in all simulations. Computations were performed for 100 msec, thus 
avoiding the need to model active neuromuscular loops which have time constants 
varying from 100 to 200 msec. The results showed that 10 g was sufficient to reach 
injurious stress levels in the lumbar spine and that the presence of harnesses or 
other constraints against spinal bending helped to reduce the risk of injury. 
1971 also saw the publication of a report by Payne and Band which described the 4 
degree of freedom model of the seated body shown in Figure 2.50. The 4 masses 
represented the head-neck, thorax-spine, viscera and buttocks-pelvis. Two variations 
of the model were developed; in the first the masses were connected by linear 
springs and dampers while in the second the thorax-spine and buttocks-pelvis 
springs were taken to be nonlinear and were modelled using polynomial force-
deflection curves. 35 linear models were constructed and simulated using an 
analogue computer, and several parameter sets were found to accurately reproduce 
experimental impedance curves. Payne and Band also developed nonlinear 
equations for the thorax-spine and buttocks-pelvis springs in order to correctly 
represent the changes in system dynamics that occur for different input amplitudes 
and under different constant acceleration loadings. 
Figure 2.50 Four degree of freedom lumped parameter model of the seated 
human body (reproduced from Payne and Band 1971) 
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In 1974 Prasad and King developed a lumped parameter model of the spine which 
included for the first time the transmission of force through the articular facets. Each 
of the 24 vertebra was taken to have three degrees of freedom in the mid-sagittal 
plane (two translations and one rotation) . The model parameters were estimated 
from results found in the literature and from cadaveric sections, and the model output 
was validated against vehicle crash impacts with three cadaveric subjects. The 
importance of facet load transmission was established as was the role of initial spinal 
curvature at the time of deceleration onset. 
A 1974 paper by Muksian and Nash presented the 7 degree of freedom lumped 
parameter model of the seated body shown in Figure 2.51. Cubic spring and cubic 
damping elements were defined in addition to the usual linear units. Coulomb friction 
was also simulated between the torso mass and back by means of signum functions. 
Parameter values were estimated from literature data. Since the model was 
nonlinear the response was determined by means of time domain integration. Seat-
to-head transmissibility calculated from the steady state response was compared to 
results from the experimental studies by Goldman and Von Gierke (1960) and by 
Pradko et. AI. (1967). Muksian and Nash observed the impossibility of reproducing 
the experimental data over the complete frequency range investigated (1 to 30 Hz) 
using a fixed set of parameter values. Matching of the experimental data required the 
use of different damping coefficients for frequencies above and below 8 Hz. This 
change was interpreted by the authors to suggest system nonlinearity and changes 
in voluntary and involuntary muscle response between 5 and 9 Hz. 
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Figure 2.51 Nonlinear model of the seated body and comparison of predicted 
seat-to-head transmissibility to experimentally measured data sets 
(reproduced from Muksian and Nash 1974) 
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The problem of fixed parameters values was partially addressed by a study reported 
in 1976 by Belytschko, Schwer and Schultz. A 3 dimensional model of the head and 
spine was developed and an incremental stiffness method was used to deal with 
nonlinear behaviour when oscillating at large movement amplitudes. An important 
result of the study was the suggestion that the 5 Hz peak normally found in 
experimentally determined impedance functions could not be caused by an axial 
resonance of the spine. It was proposed, instead, to be a movement consisting of 
seat and buttock interaction, of spinal flexure and of axial response of the viscera. 
In 1978 Payne presented a method which has gained wide acceptance for estimating 
human vibration tolerances limits and ride quality. The method uses a mass-spring-
damper model of the seated body (see Figure 2.52) consisting of three elements: 
one for "body vibration", one for "visceral movements" and one for "spinal 
movements". The spinal model is defined by a natural frequency of 8.42 Hz and by a 
damping ratio of 0.224. The visceral model is defined by a natural frequency of 4.0 
Hz and by a damping ratio of 0.4 and the body vibration model is defined by a natural 
frequency of again 8.42 Hz but by a damping ratio of 1.0. 
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Figure 2.52 Three element linear lumped parameter mass-spring-damper model 
of the seated human body (reproduced from Payne 1978) 
In Payne's method the limiting r.m.s. vibration amplitude is determined by means of 
the Dynamic Response Index (DRI), a quantification of the peak stress occurring in 
the spine when subjected to shock or vibration. The peak stress is assumed to be a 
function of the input force and the area of the spinal column, and the spinal column 
area is assumed to be proportional to the mass of the subject 
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peak stress peak force peak force oc 
area subject mass (2.11 ) 
Given these assumptions it is possible to express the peak stress in the spring as 
k peak stress oc - Omax 
m 
(2.12) 
Thus for a given input the maximum deflection 8max is determined and the value 
OJ
n 
2 8
max 
is the dynamic response index (DRI). Correlation tables then provide the 
incidences of spinal fracture as a function of DR\, An important innovation of Payne's 
1978 paper was the establishment of a framework for using DRI for evaluating 
comfort. For each degree of freedom a Vibration Ride Ratio was defined as 
.. 
VRR = Yn r.m.s. 
g (2.13) 
and the Vibration Ride Quality Index (VRQI) is defined as the highest value among 
the three systems. The limits proposed were 0.5 VRQI for "severe less than 1 hour", 
0.2 VRQI for "tolerable, less than 1 hour", 0.2 VRQI for "long-term severe" and 0.1 
VRQI for "long-term tolerable". 
An influential 1978 paper by Belytschko, Schwer and Privitzer presented the three 
dimensional finite element model of the human spine, torso and head shown in 
Figure 2.53. The model, developed for the purpose of studying aircraft ejection, used 
anatomically correct representations of the skeletal segments (vertebrae, pelvis, 
head and ribs) with interconnecting deformable elements and hydrodynamic 
elements for the abdominal cavity and viscera. Linear spring and beam elements 
were used for the elastic deformable elements and hydrodynamic elements 
governed by pressure-volume laws were used for the tissue. The model was used to 
investigate spinal loadings for several ejection profiles and was used for evaluating 
the effect of head eccentric mass (as produced by flight helmets) and shoulder 
harness use. 
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Figure 2.53 Three dimensional model of the human spine developed for use in 
aircraft ejection studies (reproduced from Belytschko et. al. 1978) 
1981 saw the publication of International Standards Organisation 5982 (1981): 
Vibration and shock - Mechanical driving point impedance of the human body. 
Alongside tabulated vertical impedance values for the seated , standing and supine 
postures, the standard also specified mass-spring-damper models for use in the 
frequency range from 0.5 to 31.5 Hz. A separate model was provided for each 
posture. Of note was the use of a 3 degree of freedom model for the supine posture 
as opposed to two degree of freedom representations for sitting and standing. The 
standard remained in publication until revised in 2001. 
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Figure 2.54 Vertical driving point impedance models for the sitting, standing and 
supine postures from ISO 5982 (reproduced from Griffin 1990) 
1987 saw the publication of ISO Standard 7962 (1987): Vibration and shock -
Mechanical transmissibility of the human body. The standard was intended as a 
summary of the existing literature on seat-to-head and floor-to-head transmissibility. 
Besides tabulated modulus and phase data, the standard also provided a 4 degree 
of freedom mass-spring-damper model of the body (Figure 2.55). The movement of 
mass m1 representing the head was suggested for use in calculating seat-to-head 
and floor-to-head transmissibility. ISO standard 7962 remained in publication until 
amalgamated into the 2001 revision of ISO 5982. 
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Figure 2.55 Four degree of freedom mass-spring-damper model specified in 
ISO standard 7962 for calculating z axis seat-to-head or floor-to-
head transmissibility (reproduced from ISO 7962:1987 (E)) 
Two 1987 papers by Amirouche presented the first application of multibody dynamic 
techniques to the modelling of whole-body vibration. The body was subdivided into 
13 rigid and flexible segments, each having 6 degrees of freedom, interconnected by 
spherical, revolute or slider joints. The geometry of each segment was based on the 
Hybrid III crash test dummy while the joint stiffness and damping values were based 
on the work of Patil , Palanichamy and Ghista (1978) and that of Muksian and Nash 
(1974). The multibody system was assembled using Kane's equations and the 
computed steady-state response was compared to the experimental data of 
Coermann (1962) and of Panjabi et. al. (1986). The 5 Hz main resonance frequency 
was found to be predicted. The modelling of the damping forces was identified by the 
author as the most important area requiring further development. 
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Figure 2.56 Multibody model of the seated body (reproduced from Amirouche 1987) 
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A 1989 paper by Fairly and Griffin presented vertical apparent mass measured from 
1 to 20 Hz for a group of 60 people consisting of 12 children, 24 women and 24 men. 
A mean normalised curve was produced which described the 60 subjects as was a 
three-mass lumped parameter model (see Figure 2.57). In the model m1 was taken 
to represent the part of the upper body which moves relative to the seat platform, m2 
the mass of the body and legs that moves with the seat platform and m3 the mass of 
the legs that is supported by and moves with the footrest. The values were chosen to 
be 45.6 kg for m1, 6.0 kg for m2 and 11.5 kg for m3. Spring stiffness Ke was chosen 
to provide a natural frequency for the upper body of 5.0 Hz and the damping value 
Ce was taken to be 1360 Ns/m (a damping ratio of 0.475). The lower components 
were varied to cover the possible thigh stiffness values of the individuals tested. KT 
was taken to be 0, 500, 1000 or 2000 N/m while CT was determined from KT such 
that the damping ratio for the lower body was kept constant at 0.5. 
Platform 
Foot.rest 
Figure 2.57 Lumped parameter model of the seated body based on apparent 
mass tests of 60 subjects (reproduced from Fairley and Griffin 1989) 
A 1996 paper by Broman et al. presented a linear 2 dimensional mass-spring-
damper model of the lumbar spine, pelvis and buttocks. The innovation with respect 
to previous research was the use of sagittal plane lumbar rotations in addition to 
fore-and-aft and vertical movements. The model was used to determine the 
transmission of vibration from seat to L3 in the sitting posture and was validated 
against experimental data measured at L3 using accelerometers fixed to pins 
inserted into the spinous process. While only partially matching the experimental 
data, the results highlighted the need for modelling sagittal plane rotations of the 
lumbar spine. 
Chapter 2 - A Review of the Mechanical Response to WBV and its Modelling 61 
A 1997 paper by Kitazaki and Griffin described a 2 dimensional finite element model 
of the seated body derived from the 1978 work of Belytschko and Privitzer. The 
model consisted of 134 elements and 87 master degrees of freedom. Mass and 
inertia properties were derived from the work of Belytschko while spring constants 
and modal damping ratios were adjusted based on an experimental data published 
by Kitazaki and Griffin (1998). 7 modes of vibration were found in the frequency 
interval from 0 to 10Hz. The main resonance at 5 Hz consisted of a motion in which 
the head, spinal column and pelvis moved as a single unit, shearing and axially 
deforming the tissue of the buttocks. The second principal resonance was found to 
be a rotational mode of the pelvis. The authors noted that a shift in the frequency of 
the first resonance could only be achieved by changing the axial stiffness of the 
buttocks tissue. It was therefore suggested that the change in vibration response 
seen in experimental data sets for different sitting postures could be attributed to the 
change in buttock stiffness caused by modifications in the contact area with the seat. 
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Figure 2.58 Two dimensional model of the seated body and vertical apparent mass 
calculated without damping and for modal damping ratios from 0.2 to 0.5 
(Kitazaki and Griffin 1997) 
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Figure 2.59 First 7 natural frequencies and mode shapes for the two dimensional 
model of the seated body (Kitazaki and Griffin 1997) 
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A 1998 paper by Wei and Griffin described a reanalysis of the apparent mass data 
originally described in the 1989 paper by Fairley and Griffin. The objective was to 
establish the best mass-spring-damper representation of a seated adult in the 
vertical direction for use in applications such as seat testing. Two single degree of 
freedom models and two dual degree of freedom models were fit to the experimental 
data using either the magnitude of the apparent mass, or the phase, or both in 
combination. Fits were performed to the data of each of the 60 individuals of the 
original experimental programme. A two degree of freedom model with structural 
support (Figure 2.60) was found to be the best representation. The model 
representing the collective average of all 60 individuals had the parameters 
K1=35,007 N/m, C1=815 Ns/m, K2=33,254 N/m, C2=484 Ns/m, M=5.6 kg, M1=36.2 
kg, M2=8.9 kg and total mass (sum of M1, M2 and M3) equal to 50.7 kg. 
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Figure 2.60 Optimal 2 degree of freedom mass-spring-damper model of the seated 
body in the vertical direction (reproduced from Wei and Griffin 1998) 
A 1998 paper by Pankoke, Buck and Woelfel presented a two dimensional linear 
lumped parameter model of the seated body (Figure 2.61). The model included the 
head, torso, arms, legs, pelvis and a detailed lumbar region consisting of vertebra 
L3, L4 and L5, viscera and springs representing the major muscle groups. The mass 
and inertia values were taken from the literature and from previous work by the 
authors. Stiffness values were taken from the literature and, where missing, were 
estimated by comparing model output to experimental results by Seidel (Seidel 
1995). Damping was handled by assigning modal damping ratios to the undamped 
eigenvalues and eigenvectors, again by comparison to the experimental findings of 
Seidel. Subject height and mass could be accommodated in a simple way by means 
of global changes to the mass and inertia values assigned to the model elements. 
Modal analysiS found 8 natural frequencies in the range from 0 to 20 Hz. Modal 
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damping ratios were found to be from 5 to 35 percent critical depending on the 
mode, with the two main externally measurable modes at 4.7 and 7.8 Hz having 
values of 26 and 20 percent respectively. Good agreement between the model 
predicted output and the experimental vertical impedance and seat-to-head 
transmissibility data was found in the range from 0 to 6 Hz. 
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Figure 2.61 Two dimensional linear lumped parameter model of the seated body 
(reproduced from Pankoke, Buck and Woelfel 1998) 
A 1999 paper by Mansfield and Lunstrom described the development of a model for 
representing the apparent mass of the seated body in the fore-and-aft and lateral 
directions. Since the apparent mass of the human body in the horizontal directions 
has peaks at 0.7,2 and 5 Hz, a three degree of freedom mass-spring-damper model 
was considered appropriate. Six models, each having three degrees of freedom, 
were fit to 4 apparent mass data sets taken from the literature. A parallel three-mass 
system was found to provide the best fit across all the data sets attempted. 
Figure 2.62 Mass-spring-damper model for the fore-and-aft and lateral directions 
(reproduced from Mansfield and Lunstrom 1999) 
A 2001 report by Denninger and Besnault described the redevelopment of the Lizee 
et. al. (1998) Finite Element crash test human body model for use in seat vibration 
studies. A linearised version was developed and the parameters were adjusted by 
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direct comparison to the 1989 experimental vertical apparent mass and seat-to-head 
transmissibilities published by Fairley and Griffin. Modal analysis found 12 modes of 
vibration in the frequency interval from 0 to 16 Hz. Frequency response simulation 
confirmed that the highest externally measured seat-to-head transmissibility values 
were at 4.8 and 12.7 Hz (see Figure 2.63). Modal damping ratios of 1 % produced 
apparent mass and seat-to-head transmissibility functions which contained evident 
peaks associated with each of the natural frequencies of the model. Use of more 
biologically realistic modal damping ratio such as 20% critical obscured the smaller 
modes, leaving only the two familiar externally measurable resonances at 4.8 and 
12.7 Hz. 
Mode 7 : 9.676 Hz Mode 8 : 10.022 Hz 
Figure 2.63 First nine natural frequencies of the finite element model of Denninger 
and Besnault (reproduced from Denninger and Besnault 2001) 
The year 2001 saw the publication of a thoroughly revised edition of ISO standard 
5982, now titled "Mechanical vibration and shock - range of idealised values to 
characterise seated-body biodynamic response under vertical vibration". The new 
edition defined minimum, maximum and mean curves of idealised driving point 
mechanical impedance, apparent mass and seat-to-head transmissibility A three 
degree of freedom mass-spring-damper model was provided to represent the driving 
point mechanical impedance and apparent mass of the body in the seated posture. 
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The model was stated to be representative of (a) a posture described as erect 
seated without backrest support, with feet supported and vibrated, (b) subject mass 
in the range from 49 to 93 kg and (c) unweighted sinusoidal or random input 
acceleration amplitudes between 0.5 and 3.0 m/s2 with the predominance of 
frequencies within the range from 0.5 to 20 Hz. While specifying the model for use in 
representing the driving point properties of the body, ISO 5982 states that mass m2 
can be tentatively used for determining seat-to-head transmissibility. 
Tllble 8 .1 - Values tor the parameters ot the model (body ma •• of 75 kg) 
Masa ShHness Oamplng coeHlclenl 
Parameter kg Nlm N &lm 
"'0 I M, I M, I '" t, I t , I t , " I ., I " 
Value 2 I 6 I 2 I 45 9,99 )( 1()3 I 3,« .c 1Q4 I 3,62 ,1( 1()1 387 I 23' I 1,39 ... 10J 
Figure 2.64 Vertical mass-spring-damper model of the seated human body 
specified by ISO standard 5982 (reproduced from ISO 5982:2001 (E)) 
2.7 Studies Involving Primates 
In an effort to find a convenient surrogate for use in scientific investigations of whole-
body vibration several researchers have studied the vibration response properties of 
primates. The anatomical and cognitive characteristics of these creatures provide 
many similarities to humans. This section describes the most influential studies found 
in the literature. 
A 1971 paper by Broderson and Von Gierke described a test apparatus (Figure 2.65) 
for measuring the driving point mechanical impedance of Rhesus monkeys and 
presented data for two subjects weighing 14.5 and 17 Ibs. Both swept sine and 
stationary sine testing were performed. The impedance curves of both animals were 
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similar to those of humans and had large peaks at frequencies in the region from 6 to 
8 Hz. Stroboscopic examination suggested a large abdomen response at 6 Hz and a 
large spine (back) response at 8 Hz. The authors evaluated the effect of test duration 
by measuring responses at the beginning and end of a 1 hour exposure period. The 
average mechanical impedance was found to drop with vibration exposure, with most 
of the change occurring in the first 10 minutes of the test due to muscle fatigue. The 
authors suggested that this implied that short test times would be expected to mask 
the response of any body systems which are readily suppressed by tightening of the 
muscles. Broderson and Von Gierke concluded their paper by presenting a two-mass 
single degree of freedom linear model of their 14.5 pound test subject (Figure 2.66). 
Figure 2.65 Two views of the experimental apparatus developed for testing 
Rhesus monkeys (reproduced from Broderson and Von Gierke 1971) 
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Figure 2.66 Impedance of a 14.5 Ib Rhesus monkey and of its single degree of 
freedom model (reproduced from Broderson and Von Gierke 1971) 
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A 1976 paper by Edwards, Lafferty and Knapp presented driving point mechanical 
impedance from tests of 6 Rhesus monkeys and 18 dogs in a sitting posture. The 
tests were performed using sinusoidal excitation in the range from 2 to 30 Hz at peak 
amplitudes of 0.5 and 1.0 g. The impedance modulus data was normalised by the 
animal's body weight. A single degree of freedom model (see Figure 2.67) of the 
type used previously by Broderson and Von Gierke was fit to each animal at each 
frequency, obtaining individual mass, spring and damper coefficients for each 
frequency. Plots of the parameters versus frequency showed that all values changed 
with frequency, suggesting that the single degree of freedom model was insufficient 
to represent the measured dynamics. The impedance curves and model parameters 
were found to differ between the monkeys and the dogs, with the dogs generally 
showing higher stiffness values but lower damping coefficients (Figure 2.68). 
I X.Sin ... , 
Figure 2.67 One degree of mass-spring-damper model used by Edwards et. al. 
(reproduced from Edwards et. al. 1976) 
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Figure 2.68 Driving point mechanical impedance curves for a group of Rhesus 
monkeys (left) and a group of dogs (right) in the seated posture 
(reproduced from Edwards et. al. 1976) 
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A 1982 paper by Quandieu and Pellieux presented a surgical implantation technique 
for fixing miniature accelerometers directly to the lumbar vertebra in primates and for 
running the associated wiring harnesses to the scalp where connection could be 
made to the data acquisition system. The accelerometers were attached by means of 
clips to the anterior surface of the L4, L5, L6 and L7 vertebrae, in an area clear of 
muscle tissue so as to not affect the animal's normal movement. Eleven baboons 
underwent the surgery which lasted 10 hours on average. All the animals were 
sufficiently healthy to be exposed to vibration 6 days postoperatively. Seated 
vibration tests performed using a restraining chair showed high coherency for all 
vertebral channels up to frequencies in excess of 80 Hz. The anaesthetised baboons 
were tested under 0.1 g r.m.s. vertical acceleration at frequencies from 0 to 100 Hz. 
The main resonance was found at 16 Hz, higher than for humans. 
A 1985 study by Sionim measured the whole-body characteristics of a group of 
primates consisting of 4 Rhesus monkeys (Macaca mulatta) and three baboons 
(Papio papio). The Rhesus monkeys were 7 to 8 years in age while the baboons 
were 4 to 5 years in age. All primates were males and were of similar size with 
masses in the range from 8 to 17 kg. Each animal underwent surgical implantation of 
two vertically aligned accelerometers, one at L5 and the other at T3, along with 
necessary wiring and connectors. Four days after surgery each animal was exposed 
to vertical sinusoidal vibration in the seated posture at frequencies in the range from 
4 to 50 Hz at two acceleration levels, 0.177 and 0.283 g r.m.s .. Impedance curves, 
seat-to-L5, seat-to-T3 and L5-to-T3 transmissibility were determined for each animal 
each day for four consecutive days. Average impedance modulus showed peaks for 
the Rhesus monkeys at 8, 20 and 35 Hz while the average curves for the baboons 
showed peaks at 7, 18 and 40 Hz (see Figure 2.69). Seat-to-T3 transmissibility 
showed a dominant resonance in the range from 6 to 12 Hz for the Rhesus monkeys 
and 5 to 10Hz for the baboons (see Figure 2.70). Impedance and transmissibility 
results obtained with the two different test amplitudes were similar, leading Sionim to 
state that the response of the primates was approximately linear over the range 
tested. Least squares regression was used to determine the parameters of a 
Broderson-Von Gierke primate model for each animal. Sionim discussed the degree 
of similarity found between the two primates and concluded by stating that "the 
Rhesus monkey appears to be as good a model as the more expensive and less 
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available baboon in evaluating the effects of biomechanical stress on the body with 
the aim of extrapolating the results to humans". 
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Figure 2.69 Average and 95 percentile driving point impedance modulus and phase 
for the Rhesus and baboon primates (reproduced from Sionim 1985) 
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Figure 2.70 Average and 95th percentile seat-to-T3 transmissibility for the 
Rhesus and baboon primates (reproduced from Sionim 1985) 
A 1992 paper by Smith presented impedance data and mass-spring-damper models 
for four Mucaca Mulatta Rhesus monkeys. A device for accommodating the sedated 
animals in a sitting posture incorporated load cells for measuring the transmitted 
forces and an accelerometer for measuring the imparted motion. Sinusoidal vibration 
tests were performed at 13 frequencies from 3 to 20 Hz using a peak acceleration 
level of 0.5 g. A total of 84 tests were performed, 24 of which were repeated tests 
performed at fixed intervals over a two week period in order to evaluate intra-subject 
variability. The impedance curves (Figure 2.71) were found to show only a single 
peak at 10Hz for all tests. The damping factor was found to be about 0.47 in all 
cases. A two-mass single degree of freedom model was fit to the data of each 
animal and the results were compared to the previous studies by Broderson and Von 
Gierke (1971), Sionim (1985) and Smith (1991) as shown in Table 2.1. 
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Figure 2.71 Experimental and model predicted impedance curves for one rhesus 
monkey tested on two occasions (reproduced from Smith 1992) 
Broderson and von 
Gierke (1971) Sionim (\985) Smith (1 99\ ) 
Peak g 1.0 0.4 0.5 
Natural frequency 
(undamped, Hz) 8.4 9.22· 10.24 
Stiffness coeff. 
(10 - 3 Nm - I) 9.054 25.304± 12.73 15.l90 ± 5.80 
Damping coeff. 
(10 - 3 Nsm -') 0.1506 0.4496 ± 0.1396 0.2317 ± 0.1224 
Total mass (kg) 6.574 7.534 ± 2.803 6.672 ± 0.604 
Mass ratio (R) 1.0 :::::0 0.988 
Damping factor 0.309 0.515 0.472 
S.E.E (1 0- 2 ~sm - I ) 0.245t 0.060 
Table 2.1 Optimal model parameter values obtained for Rhesus monkeys 
(reproduced from Smith 1992) 
A 1994 study by Smith and Kazarian investigated the effects of acceleration 
amplitude on the impedance curves of three Rhesus monkeys. Smith's 1992 
apparatus was used for testing the sedated animals in the vertical direction. 
Sinusoidal signals at 13 frequencies from 3 to 20 Hz were again used but this time 
two r.m.s. amplitudes, 0.69 and 3.37 m/s2 , were attempted. The impedance curves 
for the three animals had a main peak in the region from 9 to 14 Hz which was 
described as motion of the upper torso. A secondary peak was found for the lower 
amplitude tests at about 5 Hz, which was described as being due to the dynamics of 
the legs. Significant decreases occurred in the frequency of the primary impedance 
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peak with increasing acceleration amplitude, establishing that the vibration response 
of the animal was nonlinear. From the data the authors concluded that the degree of 
nonlinearity was greater in the primate than in humans. The authors presented a 
three mass, two degree of freedom, linear lumped parameter model of the primate fit 
to the data from each acceleration level tested. The variation in parameter values 
with input amplitude was seen as further evidence of the degree of nonlinearity. 
2.8 Summary of Whole-body Response to Vibration 
The intention of this section is to summarise a few main features which emerge from 
the whole-body mechanical response literature. The concepts described here were 
taken into consideration when designing the experiments and interpreting the results 
described in later chapters of this thesis. 
Average Mechanical Properties: Due to the statistical variance associated with 
human measurements most studies have averaged data for several subjects or 
several experimental conditions. While not without drawbacks, most studies average 
the experimentally measured response curves or the fitted model parameters. 
Inter-Subject Variability: Most research points to inter-subject variability as the most 
important of the independent test parameters. This variability makes it difficult to 
identify physical phenomena from tests of only a single subject. Most studies have 
been performed using 6 to 15 subjects. Several have used test groups of 60 or more 
individuals when the objective has been to determine the statistical distribution of the 
response data. 
Intra-Subject Variability: Most research suggests that whole-body measurements will 
vary for the same individual from test to test due to variation in physical constitution, 
posture, muscle tension or nervous state. Intra-subject variability of a response 
variable has been shown to normally be within +/- 10% for frequencies up to 20 Hz. 
All findings suggest that intra-subject variability is smaller than inter-subject 
variability . 
Whole-Body Frequency Response Functions: Human response to vibration has most 
often be quantified by means of driving point mechanical impedance, apparent mass 
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and transmissibility. Transmissibilities along the same vibrational axis have been 
measured as have transmissibilities in which the output and input quantities are 
aligned along different axis. For transmissibility functions most authors have 
consistently referred to peaks as "resonances". For the human testing application the 
use of this term is preferred to that of "natural frequency" since biological tissue is 
highly damped. Many authors also use the term "resonance" for peaks in the 
measured impedance and apparent mass functions. This is in error, as a peak in a 
ratio of force to motion is an anti-resonance. 
Linearity: Most whole-body vibration studies point to the fact that the human body is 
characterised by a highly nonlinear response. The degree of nonlinearity is most 
evident in the case of high strain rates or high dynamic loadings such as ejection 
testing and centrifuge testing. Under these conditions body resonances can change 
by as much as 4 to 5 Hz from their nominal values. Many studies have shown, 
however, that for low strain rates and low dynamic loadings such as those of road 
transport the response of the body can be treated, to a first approximation, as linear. 
Normalisation: In human testing the size and mass of the individual greatly affect 
several of the engineering measurements involved. The engineering measurements 
involving force (mechanical impedance, apparent mass and absorbed power) are 
regularly normalised by the static mass of the test subject. Mass normalisation 
reduces the inter-subject variability of the data and facilitates the comparison of 
response properties. 
Frequencies and Amplitudes of Whole-Body Vibration: Due to the highly dissipative 
nature of the body and to the inertia values of its component parts, high frequency 
energy does not easily propagate to regions distant from the source of excitation. For 
this reason the frequency range associated with the concept of whole-body vibration 
is normally taken to be from 0 to 100 Hz, with most studies involving seats actually 
being limited to the range 0 to 20 Hz. Based on the intended application and the 
ethical considerations involved, whole-body testing is normally performed using 
acceleration amplitudes in the range from 0.25 to 2 m/s2 with maximum test 
amplitudes reaching 5 m/s2 in some applications. 
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Whole-Body Resonance Frequencies Measured Under Vertical Vibration: The 
research surveyed in this chapter suggests the existence of several large, externally 
measurable, whole-body resonances for adult humans. Transmissibilities measured 
in the vertical direction for the seated posture normally show a dominant peak in the 
region from 4 to 6 Hz while a second peak is normally found from 8 to 16 Hz. The 
first appears to consist of vertical and fore-and-aft movement of the trunk over the 
elasticity of the buttocks tissue. The second appears to involve mostly trunk 
movement caused by spinal bending and pelvic rotation. Various and complex 
movements of the head with respect to the trunk have been reported. The range of 
frequencies of these reports is from 20 to 40 Hz, with the movement and frequency 
of resonance being highly dependent on the test conditions. 
Whole-Body Resonance Frequencies Measured Under Horizontal Vibration: The 
number of studies treating the horizontal directions (fore-and-aft or lateral) are far 
fewer than the vertical. Nevertheless, the research surveyed in this chapter suggests 
the existence of several large, externally measurable, whole-body resonances for 
adult humans. From transmissibility measurements in the horizontal direction for the 
seated posture resonances have been systematically reported in the region from 0.7 
to 4 Hz. At least one, but more likely two resonance movements occur for average 
adults in the region around 1 Hz. Reports of 3 to 4 Hz movements appear to occur 
mostly at high amplitudes due to energy transfer between the fore-and-aft and the 
vertical directions. 
Whole-Body Anti-Resonance Frequencies Measured Under Vertical Vibration: 
Driving point mechanical impedance or apparent mass functions measured for 
seated adults under vertical vibration normally show a first dominant peak from 4 to 6 
Hz and a second smaller peak from 8 to 15 Hz. 
Whole-Body Anti-Resonance Frequencies Measured Under Horizontal Vibration: 
Driving point mechanical impedance or apparent mass functions measured for 
seated adults under horizontal vibration normally show a first, and dominant, peak in 
the region from 2 to 5 Hz and a second, smaller, peak from 5 to 7 Hz. 
Damping: The human body has been found in all studies to be highly damped, with 
damping ratios normally in the range from 0.25 to 0.6 for the main, externally 
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measurable resonance responses. Numerical models of the body have shown that 
numerous whole-body resonances, other than the two main externally measurable 
resonances, emerge when damping levels are lowered below 5 to 10 percent critical. 
This suggests that the damping levels involved make it impossible to identify many 
important vibration behaviours from external measurements 
Whole-Body Vibration Models: At least two categories of whole-body vibration model 
are in common use. The first can be described as an impedance, or loading, model 
which represents the effect of the body on other engineering structures such as 
seats. These models typically consist of linear mass-spring-damper systems, but a 
few nonlinear lumped parameter systems can also be found in the literature. The 
second model type can be described as a human response model, which represents 
in detail the biological components contributing to the whole-body response. Such 
models are used to gain an understanding of the dynamic mechanisms of the body 
and are today most often developed using the multi-body or finite element methods. 
In the early literature mass-spring-damper models often served in both roles. 
2.9 Vibration Testing Methodologies for Vehicle Seating Systems 
Before proceeding in this thesis to describe the whole-body vibration research and 
the seat vibration tests performed for children, it is useful to briefly describe the 
testing of vehicular primary seating systems and to provide an example of a typical 
industrial procedure. While not a systematic review of the subject, the material 
serves to identify some of the concepts commonly encountered when attempting to 
characterise the vibrational properties of vehicle seats. The material is useful for 
evaluating the possible problems that may be encountered when trying to define 
future vibration testing standards for child safety seats. 
The vibration isolation properties of seats have been the subject of numerous 
investigations since the first studies of human response to vibration in the 1940s. 
Seating systems are recognised as playing a fundamental role in providing both 
comfort and health effects protection to humans. The importance of the system has 
lead to numerous investigations of adult whole-body response and of the effect of 
seat design parameters on vibration transmissibility. The research studies have lead 
to the development of testing procedures which are today in common use. Standards 
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such as BS 30326-1 (1994) Mechanical vibration - Laboratory method for evaluating 
vehicle seat vibration or ISO 10326-1 (1992) of the same name specify procedures 
for testing the vertical vibration isolation properties of a seat. Sensor characteristics 
(floor accelerometer and SAE pad), the method of loading the seat (a 5th percentile 
and a 95 percentile human subject), a criteria for choosing the vibration input 
(mission signal), the appropriate frequency weighting to use to represent human 
response and a method for summarising the test results (S.E.A.T. index) are all 
specified. These standards are used for testing the seats of agricultural tractors, off-
road vehicles, heavy lorries and numerous other forms of transport. 
Due to the development costs involved all major vehicle manufacturers and seat 
system manufacturers also have individual in-house vibration testing methods. 
These methods are conceptually similar to general standards such as BS 30326-1 
and ISO 10326-1. For example, human test subjects are widely used to provide a 
representative impedance loading on seats during testing. Methods define a fixed 
number of subjects for testing each seat, varying from 1 or 2 to as many 15 in some 
cases. Since both the test subjects and the seats themselves can show signs of 
nonlinearity it is currently considered important to test seats using vibration signals 
which are representative of the operating conditions encountered in the vehicle. 
Industrial test methods are normally based on the use of one or more mission signals 
which correspond to selected road inputs. One approach to mission signal selection 
used by several vehicle manufacturers is to assign a specific road surface from the 
testing centre to each standard driving condition identified from marketing surveys. 
For example, city driving might be assigned a pave' test surface, country driving 
might be assigned a test track with broken asphalt segments and highway driving 
might be assigned a smooth asphalt surface. Examples of the frequency spectra of 
typical mission signals for city, country and highway driving are presented in Figure 
2.72. The response of a seat to a battery of different signals is expected to provide a 
global evaluation of the ability of the seat to isolate its occupants from the vibrations 
expected in the vehicle. A separate vibration test is normally performed for each 
condition and the set of test results can either be analysed directly or the individual 
results can be averaged together, each result weighted by either the number of 
kilometres or the average amount of time the average driver is expected to travel 
over the road surface in a given year. 
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Figure 2.72 Acceleration power spectral densities of 3 mission signals in the fore-
and-aft (X) and vertical (Z) directions for city (left), country (centre) and 
motorway driving (right). (reproduced from Giacomin and Bracco 1995) 
Another component that is common to current industrial seat testing procedures is 
the use of a simple method for summarising the overall frequency response of the 
seat in a given direction by means of a single number. Most methods quantify seat 
vibration isolation by means of the Seat Effective Amplitude Transmissibility (Griffin 
1990). The S.E.A.T. index is defined as 
T 
JW 2 (OJ) Gyy(OJ) dOJ 
S.E.A.T. [%] o T 
JW 2 (OJ) Gxx (OJ)dOJ 
[100] (2.14) 
o 
where Gxx (m) is the acceleration power spectral density of the input vibration signal 
at the bench surface at the base of the seat, Gyy (m) is the acceleration power 
spectral density measured by means of an SAE pad at the interface between seat 
and human occupant, W2(m) is the appropriate frequency weighting for the vibration 
direction in question, m is a frequency and T is the time duration of the test signal. 
The S.E.A.T. index applies the appropriate frequency weighting at both the seat input 
and output measurement points, then integrates both signals and takes the ratio of 
the two. The result is a single number which represents the ratio of the vibrational 
disturbance felt on the seat to that which would have been felt if the seat were 
perfectly rigid over the frequency range considered. 
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S.EAT. 
INDEX = 
(%) 
DESIGN OBJECTIVES 
% DRIVING IN CITY (for example 40%) 
% DRIVING ON COUNTRY ROADS (for example 40%) 
% DRIVING ON THE HIGHWAY (for example 20%) 
! 
TESTING HYPOTHESIS 
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Figure 2.73 A two-axis vibrational comfort testing procedure used for automobile 
seats (reproduced from Giacomin and Bracco 1995) 
Figure 2.73 provides a typical two-axis industrial vibrational comfort testing procedure 
for automobile seats, first described in 1995 by Giacomin and Bracco. Marketing 
data for the target automobile was used to determine the percentages of city. country 
and highway driving for the vehicle. Each driving scenario was then assigned a 
specific test surface from the company proving grounds over which the target vehicle 
was tested to determine the acceleration signals to apply at the base of the seat in 
the laboratory. Laboratory tests with 12 subjects measured the accelerations at the 
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base of the seat and at the human interfaces (using SAE pads) at the cushion and 
backrest in both the vertical and fore-and-aft directions. S.E.A.T. values were 
determined for each human interface in each direct for each mission. A final 
weighted average S.E.A.T. value was determined using the kilometric driving 
percentages associated with the mission signals, again from marketing statistics. 
The sequence of operations described above can be considered representative of 
the industrial seat testing methods in current use. Future experimental procedures 
for measuring the vibration isolation properties of child safety seats will, due to the 
similarity in physical principles involved, be based on similar techniques. An 
awareness of current vehicle seta testing methodology may be useful when judging 
the motivations for, and the importance of, the tests described in this thesis. 
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For mechanically coupled person-machine systems the role of the human body in 
determining the overall dynamic response is greatly dependent on the ratio of body 
mass to machine mass. The dynamic forces contributed by the human element of 
the system are normally only considered during machine design when they are large 
enough to represent a sizable percentage to total sum of forces. In the case of 
automobiles, which have typical mass values from 700 to 1800 kg, the inertia and 
stiffness forces contributed by a typical adult human with mass in the range from 50 
to 110 kg are relatively small. The mass ratio (human mass divided by machine 
mass) in this case varies from 3 to 15 percent. For such vehicles chassis design and 
seat design progress largely in parallel since neglecting the human body does not 
greatly affect the accuracy of ride and handling predictions. For smaller vehicles such 
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as mopeds, scooters and motorcycles the machine mass is in the range from 45 to 
360 kg implying mass ratios from 14 to 245 percent. In this case human body forces 
cannot be neglected, rather, they may be the fundamental forces in the case of the 
lightest machines. 
For child seats which have their own "suspension system" consisting of vehicle seat 
stiffness and safety belt tension the mass ratio is even less favourable than for 2 
wheeled vehicles. Stage 0&1 seats have masses which are within the range from 1 
to 4 kg and are used by child occupants with masses ranging from 1 to 18 kg. The 
resulting mass ratios of 25 to 1800 percent suggest that any analysis of the coupled 
system must start with an understanding of the human response properties involved. 
From the review of the human vibration literature no response data or models were 
found for small children. It was therefore decided to follow the example of 
investigations performed for adult humans and primates by testing children to 
determine their apparent mass and absorbed power properties. Such tests require 
the simultaneous measurement of driving point force and movement. Since for land 
transport the vertical axis is normally the direction of highest vibration, it was decided 
to investigate the behaviour of the child body along that axis. Apparent mass and 
absorbed power results for adults suggest that the frequency range of seated whole-
body response can be taken to be approximately 0 to 20 Hz. Given the lack of 
knowledge regarding the dynamic behaviour of children, however, it was decided to 
test frequencies up to at least 30 Hz. Consideration of the intended application also 
suggested that the children be tested in a posture that can be considered typical of 
stage 0&1 seats. 
A test facility was needed to achieve the above requirements. Essential elements of 
the device would be a vibration exciter, vibration platform, rigid seat, force and 
motion sensors and appropriate control and acquisition systems. As with other 
investigations involving humans the design of the hardware, software and laboratory 
protocol were heavily influenced by health, safety and ethical considerations. 
Besides conSidering the best practice which emerges from the scientific literature it 
was also possible to evaluate choices against the general guidelines provided by 
British Standard 7085 "Safety Aspects of Experiments in Which People are Exposed 
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to Mechanical Vibration and ShocK' of 1989. The standard, which is currently the 
only one of similar scope available from national or international standardisation 
bodies, provides guidelines regarding the hardware, software, protocol and reporting 
aspects of human vibration testing. Appendix A provides a systematic comparison 
between the 857085 recommended practice and the characteristics of the facility 
developed for testing children. Specific safety concerns are discussed in the text that 
follows when the choice of test facility characteristics has been effected. 
This chapter describes the test facility and test protocol developed for performing 
whole-body vibration measurements of children under 20 kg in mass in the seated 
posture. Apparent mass curves, mass-spring-damper models and absorbed power 
curves are presented for 8 children tested over the frequency range from 1 to 45 Hz. 
The apparent mass and absorbed power characteristics of the children are 
compared to those found in the research literature for adults. The chapter concludes 
by analysing the allometric relationship between body mass and vibration response 
for primates, children and adults, and discusses the implications of the findings. 
3.2 Child Vibration Testing Facility 
3.2.1 Choice of Vibration Exciter, Control System and Sensors 
The choice of vibration exciter and vibration control system was made with the 
primary objective of providing a safe environment for the children who would be 
tested. 8S7085 identifies two primary risk factors in human testing (a) use of 
mechanical vibration or shock that is too severe in terms of magnitude or duration 
and (b) failure to exclude from testing a subject who is medically unfit. Minimisation 
of the risks inherent in point (a) suggested the use of the smallest possible excitation 
system capable of imparting to a child of mass in the expected range from 2 to 18 
kilograms a vibration similar to what occurs in vehicles. A Ling Dynamic Systems 
(LOS) V406 permanent magnet shaker and accompanying PA 1 OOE electronic power 
amplifier were chosen. With natural convective cooling the unit was rated at a 
maximum peak sine force of 98 N and a maximum random force (measured in 
accordance to 1505344) of 38 N. With the expectation that the combined moving 
mass of the system (test subject, rigid seat, vibration platform, bearings, shaker coil 
Chapter 3 - Measurement of the WBV Response of Small Children 82 
and sensors) would be at least 20 kg, the V406 would be incapable of imparting 
accelerations greater than 5 m/s2 to the child. More than any other factor, the limited 
force production capability of the exciter provided the fundamental safety guarantee. 
Also specified in BS7085 are recommended characteristics for human testing control 
systems. A three level control strategy is suggested in which an input monitor 
maintains the calculated control signals within specified movement or force values, a 
platen motion monitor maintains hardware motion or force within pre-established 
limits independently of controller output, and a system monitor continuously 
assesses the function and state of the various components, initiating a shutdown 
procedure if any individual element shows signs of malfunction. In an attempt to 
match the complex and independent safety functions of the three monitors the 
vibration control system chosen was the Endurance Monitor (EMON) software 
system (LMS International 1999) coupled to a DIFA SCADASII electronic frontend 
unit. The SCADAS II frontend contained 4 output channels, 12 input channels, AID 
and D/A converters and a hardware DSP chip implementing Fourier and correlation 
functions. The EM ON software permitted the setting of numerical limits on the test 
force and acceleration in accordance with the input monitor principle. These limits 
were set to the lowest values compatible with the research requirements which were 
2.0 m/s2 peak acceleration and 100 N peak transmitted force. The principle of platen 
motion monitor was partially fulfilled by the use of a DIFA SCADAS Shutdown 
Control Unit which incorporated both a large manual emergency shutdown button 
accessible to the test operator and an emergency soft-stop condenser circuit for 
bringing the exciter to rest in the case of power or sensor failures. The principle of 
system monitor was partially fulfilled by the use of the PA100E electronic power 
amplifier which incorporated a core overheating and an overvoltage interrupt which 
shut down the voltage supply in the event of a failure condition. 
Calculation of apparent mass or absorbed power requires the simultaneous 
acquisition of the input acceleration acting on the human body and the response 
force produced. The acceleration was measured by means of a micro-strain-gauge 
ENTRAN EGAS-FT -25 accelerometer fixed to the lower surface of a rigid seat. The 
accelerometer (SIN 981344) was rated to a maximum acceleration of 25 g, had a 
sensitivity of 3.66 mV/g with 15 volts supply and had a natural frequency of 730 Hz. 
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As in the work of Coermann (1961) the force transmitted to the rigid seat was 
measured by means of three transducers placed at the apexes of a triangle. The 
three load cells were micro-strain-gauge ENTRAN type ELH-TC 11-500s (SIN 98017, 
98018 and 98019) rated as linear to 500 N and having sensitivities of 0.17, 0.16 and 
0.16 mV/N with 15 volts supply. Maximum rated loading to failure was 1000 N. The 
relationships between the control software, the vibration excitor, the sensors and the 
data acquisition system are presented in the schematic diagram of Figure 3.1 below. 
LMS EMON 
Software 
, . 
ENTRAN MSC12 
Signal Amplifier 
SCAOAS II 
Frontend 
____ • • I 
. " ----'..L:L..------"'-..:-_OJ...!>.;~I~ 
· *~--- .. J
LOS PA100 Power Amplifier 
Figure 3.1 Schematic diagram of the child vibration testing facility. 
3.2.2 Vibration Platform and Suspension System Design 
By their physical nature electrodynamic exciters such as the V406 are unable to 
maintain constant force preloads for extended periods of time. These devices often 
incorporate an internal spring, or spider, of sufficiently large resistance to maintain 
the moving coil in its neutral position (at zero displacement) under gravity loading. 
The internal spring is insufficient, however, to maintain positioning under loads such 
as the 18 to 25 kg of the rigid seat and child . A platform and additional external 
suspension system was therefore required. 
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The design of the vibration platform was based on three requirements: (1) that the 
moving mass be sufficiently small to permit the shaker to achieve the required test 
accelerations, (2) that the platform area be sufficiently large to avoid the child 
reaching with hands or feet any bench components when sitting restrained and (3) 
that the platform area be sufficiently large to permit future mounting of commercial 
child safety seats. Based on these considerations an aluminium platform assembly 
was designed which was 760 mm long by 405 mm wide. The linear bearings chosen 
were AccuGlide CG-20CE PB units manufactured by Thomson Industries. The units 
had friction coefficients between 0.002 and 0.003 and yaw and pitch moment 
capacity of 125 Nm. Bearing preloading was achieved by means of a sliding wedge 
block mounted on one side of the platform. By sliding half of the block vertically 
downwards using adjustment screws various static force levels could be achieved. 
Static load support was achieved using a suspension system consisting of a group of 
linear springs connecting the vibrating platform to support towers on each side of the 
rig. The deflected length of the linear springs had to be made adjustable since the 
load acting on the platform changed significantly from test to test due to the 
difference in mass between children. If left uncompensated, this would have pushed 
the shaker head away from its neutral position leading to a reduction of the maximum 
achievable test amplitude. The number of springs used also had to be made 
adjustable so that suspension stiffness could be varied with mass loading. Stiffness 
adjustment permitted the natural frequency of the system to be kept below 1 Hz, 
avoiding the frequency range of the intended measurements. 
Provision was made for a maximum of 16 equal springs whose deflected length 
could be adjusted by means of screws and washers. Each had an undeflected length 
of 290mm and stiffness of 90 N/mm. A calibration table containing the recommended 
number of springs for use with each loading was produced such that the natural 
frequency of the moving mass (child, rigid seat, platform, coil and sensors) could be 
kept below 1 Hz. The overall design of the vibration platform is illustrated in Figures 
3.2 to 3.4. 
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Figure 3.2 Shaker, vibration platform and platform suspension system. 
Figure 3.3 Platform suspension features: sliding wedge block for preloading the 
bearings (left) and tensioning rods for positioning the platform (right). 
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Figure 3.4 Front and side views of child test rig showing the principal dimensions. 
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3.2.3 Rigid Seat Design 
The geometry of the rigid seat was determined based on child anthropometric data 
and geometric data from commercial seats. Tilley (1993) provides average 
anthropometric measurements for humans starting from age 2 months. For children 
of 9 to 11 months of age the average total length of the supine body is 730 mm, 
while the average buttock-to-head distance is 480 mm and the total width (inter-
acromion distance) is 208 mm. For commercial child seats four parameters were 
chosen to define the sitting posture: lower section length (L1), backrest section length 
(L2), included angle between the two sections (<1» and the seat angle with respect to 
the horizontal (0). While the first three parameters are independent, the seat angle 
with respect to the horizontal varies as a function of the shape of the vehicle seat 
and the tension applied through the belts. In order to facilitate comparisons 
measurements were performed on a flat horizontal surface. Two stage 0&1 child 
seats were taken to be representative of the most common designs and were 
measured. The smaller of the two was a Britax Rock-A-Bye while the larger was the 
Mothercare Rock "n' Go. Each product had a geometry which was typical of a class 
of similar stage 0&1 seats found in stores. In particular, the Mothercare product used 
a plastic frame which appeared to be an outsourced component common to several 
manufacturers. The postural parameters for the two seats are presented below. 
w 
Seat Mass Internal L1 L2 L1+L2 0 <1> 
(kg) Width (mm) (mm) (mm) (mm) (deg) (deg) 
Britax Rock-A-Bye 2.5 240 270 450 720 43 85 
Mothercare Rock "n' Go 2.8 280 290 440 730 20 70 
Table 3.1 Sitting posture parameters for two stage 0&1 child seats. 
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Based on the anthropmetric and geometric data a seat basket was designed which 
had a lower section length (L1) of 300 mm, a backrest section length (L2) of 450 mm 
and a width of 280 mm. An included angle <l> of 90 degrees was chosen and a 
somewhat vertical posture of 20 degrees with respect to the horizontal (0) was used 
for the lower section (see Figure 3.5). The basket was fabricated of 1.5 mm thick 
aluminium sheet which was cut to pattern, bent into shape and spot welded at points 
along the joining lines. A base section to support the basket and to provide a 
mounting surface for the sensors was machined out of solid aluminium stock. The 
base section was 146 mm long, 65 mm at its highest point and 280 mm wide. The 
basket and base section were spot welded together at several points to form the rigid 
seat. Lateral drilling into the base section was used to remove material until a mass 
of exactly 3.0 kilograms was achieved for the complete unit. Natural frequencies 
estimated for the unit using simplified models suggested a first resonance greater 
than 170 Hz. 
\ 
\ 
- --
Figure 3.5 Four views of the rigid seat used for measuring child apparent mass. 
In line with the safety guidelines of BS7085, and in order to minimise child movement 
during testing, the rigid seat was equipped with restraining belts from a Mothercare 
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Rock on' Go product. Mounting holes of approximately the same size as in the Rock 
'n' Go were perforated into the lower and upper sections of the rigid seat at 
approximately the same location. The belts were fastened in the same manner by 
passing them through the holes and by blocking them from behind using the plastic 
clips moulded into the terminus of each belt. 
3.2.4 Choice of Acceleration Test Signals 
The principal requirement of human vibration testing is to keep the total energy of the 
exposure to a minimum. All recent vibration standards such as BS 7085 specify that 
vibration exposure should be measured in terms of the Vibration Dose Value (VDV) 
VDV 
[
T ]~ Ia 4 (t)dt (3.1 ) 
where art) is the frequency-weighted acceleration in m/s2 and T is the period of 
exposure in seconds. For continuous acceleration signals containing few transient 
events the VDV is often estimated from the root mean square amplitude using the 
estimated vibration Dose Value (eVDV) defined as 
_ f.( )4 l~ _ ~ 
eVDV - ~ 1.4ar.m.s. to J' - 1.4 ar.m.s . to (3.2) 
where ar.m.s' is the overall frequency weighted r.m.s. amplitude and to is the length of 
the exposure measured in seconds. In either case the frequency-weighting curve 
(Figure 3.6) used to summarise the damaging effects of vibration on the human body 
varies with point and direction of input. The British Standards which treat whole-body 
vibration use frequency weighting curve Wb when quantifying the effects of vertical 
direction vibration input to the buttocks through the seat. BS7085 speCifies a 
frequency weighted VDV value of 15 m/s1.75 as the health and safety action level 
above which a medical officer should be present for all tests. Table 3.2 presents the 
frequency weighted r.m.s. values which produce 15 m/s1.75 VDV for various lengths 
of exposure. To facilitate comparison with acceleration values from fields other than 
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human testing the table also presents the unweighted acceleration amplitude of 
harmonic excitation at three different frequencies which produces 15 m/s 1.75 VDV 
exposure. The unweighted amplitudes were determined using the asymptotic 
approximation values of the Wb filter to remove the effect of the weighting. The 
amplitudes provided in the table suggest that for exposures lasting a few minutes 
unweighted r.m.s. levels should generally be kept below about 3 m/s2 . 
10.----------________ ------, 
1.0 
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Figure 3.6 Frequency-weightings specified in BS7085 (reproduced from BS 7085) 
Exposure Weighted r.m.s. Unweighted r.m.s. Unweighted r.m.s. Unweighted r.m.s. 
Duration Acceleration Acceleration of a Acceleration of a Acceleration of a 
1.0 Hz Sine Wave 10Hz Sine Wave 50 Hz Sine Wave 
1 second 10.71 26.8 10.7 33.5 
4 seconds 7.57 19.0 7.6 23.6 
16 seconds 5.36 13.4 5.3 16.7 
1 min 3.84 9.6 3.8 12.0 
2 min 3.24 8.1 3.2 10.1 
4 min 2.72 6.8 2.7 8.5 
16 min 1.92 4.8 1.9 6.0 
1 hour 1.38 3.5 1.4 4.3 
4 hour 0.98 2.4 0.9 3.0 
8 hour 0.82 2.1 0.8 2.6 
Table 3.2 Weighted and unweighted r.m.s. acceleration amplitudes 
producing 15 m/s1.75 VDV. All values in m/s2• 
Chapter 3 - Measurement of the WBV Response of Small Children 90 
Considering the road vehicles in which child seats are transported recent research by 
Paddan and Griffin (2002) presented frequency weighted acceleration values 
measured at the seat of 100 vehicles over characteristic, but unspecified, surfaces. 
Among the vehicles were 25 automobiles. The vertical Wb weighted acceleration was 
reported for the seat cushion interface with the driver in the vertical direction. The 
measurements for automobiles spanned a range from 0.25 to 0.61 m/s2 weighted 
r.m.s., with a median value of 0.37. The corresponding eVDV values for a 2 minute 
exposure are from 1.16 to 2.82 with a median value of 1.71. This suggests that 
vertical vibration at the seat cushion of road vehicles on relatively smooth roads is a 
factor of 9 lower, on average, than the health and safety action level. Additional 
useful information is found in British Standard 6841 Measurement and Evaluation of 
Human Exposure to Whole-Body Mechanical Vibration and Repeated Shock of 1987 
which provides a discomfort scale based on the use of frequency weighted r.m.s. 
acceleration amplitudes. The scale, presented in Table 3.3 below, suggests that the 
vibration levels reported by Paddan and Griffin for the seat interface of automobiles 
are no more than "a little uncomfortable". 
Frequency Weighted r.m.s. Acceleration Subjective Discomfort 
Amplitude at the Human Interface 
Less than 0.315 m/s2 Not uncomfortable 
0.315 to 0.63 m/s2 A little uncomfortable 
0.5 to 1.0 m/s2 Fairly uncomfortable 
0.8 to 1.6 m/s2 Uncomfortable 
1.25 to 2.5 m/s2 Very uncomfortable 
Greater than 2 m/s2 Extremely uncomfortable 
Table 3.3 Frequency weighted acceleration amplitudes corresponding to 
various levels of subjective discomfort. 
ConSidering the need to render the vibration test as rapid as possible to lower the 
total exposure it was decided to follow the example of several previous researchers 
such as Sandover (1978), Fairley and Griffin (1990) and Mansfield and Griffin (1998) 
who performed measurements using band-limited Gaussian random excitation. This 
excitation has the ability to measure system response over a given frequency interval 
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with a single test thus reducing the amount of time the child is requested to sit in the 
test device and reducing the total exposure. For the child tests a band-limited 
Gaussian white noise acceleration signal was defined from 1 to 50 Hz using a 
sampling rate of 200 Hz. Preliminary testing showed that the unweighted input r.m.s. 
acceleration at the platform needed to be greater than 0.6 m/s2 to overcome friction 
in the bearings and to provide a good signal-to-noise ratio. Two drive signals were 
therefore chosen which had r.m.s. voltage levels of 1400 and 1800 mV 
corresponding to actuated r.m.s. acceleration levels of approximately 0.8 and 1.2 
m/s2 at the platform and seat. Applying Wb frequency weighting to the platform 
acceleration resulted in weighted r.m.s. values of approximately 0.52 m/s2 using the 
1400mV signal and 0.75 m/s2 for the 1800 mV signal. Test signal length for both 
signals was chosen to be 2 minutes, which lead to VDV values of 10 and 14 m/s1.75 
respectively. While the frequency weighted r.m.s. levels of 0.52 and 0.75 m/s2 were 
somewhat higher than the average levels reported by Paddan and Griffin, the test 
signals can nonetheless be considered similar to the vibrational environment present 
in vehicles. 
3.2.5 Child Test Bench Calibration and Commissioning 
The test rig was calibrated as a complete unit using rigid masses in the place of the 
child occupant. Four steel blocks, each of length 25 cm and width 7.5 cm, were cut to 
various thicknesses to provide total masses of 1.8, 3.8, 7.8 and 15.8 kilograms. An 
assembly consisting of two threaded rods and two cross members weighting a total 
of 0.2 kg was used to fasten the masses to the rigid seat so as to provide a pure 
inertial loading on the device. Band-limited Gaussian random white noise voltage 
signals were input to the bench through a Finite Impulse Response Filter (FIR) filter 
designed to compensate the low force output of the V406 at frequencies below 10 
Hz. While 1400 mV and 1800 mV drive signals were planned for the actual child 
tests, the calibration tests were performed at levels from 1000 mV to 1800 mV in 
steps of 200 mY. Mass loadings of 0 kg, 4 kg, 8 kg and 16 kg were used. The 
apparent mass modulus curves obtained for the calibration loadings contained errors 
of less than 2% from 2 to 35 Hz and less than 10 percent over the range from 1 to 42 
Hz (see Figures 3.7 and 3.8). Apparent mass phase measured with the rigid masses 
was less precise. For a pure mass the acceleration input and force output should be 
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in phase and thus exhibit a phase angle of zero degrees. The measured phase 
angles increased from +1 degree to a maximum of +8 degrees at 45 Hz. 
All modulus and phase curves obtained for the calibration loadings were similar. 
Unlike the apparent mass results presented later in this chapter for the children , the 
calibration data was left in its original form, thus the apparent mass modulus is the 
sum of the test load and the 3 kg mass of the rigid seat. Mass compensation was 
performed for all child results by subtracting 3 kilograms from the real part of the 
apparent mass function at each frequency. No compensation was performed for the 
absorbed power results since a rigid mass cannot absorb energy. 
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Figure 3.7 Calibration tests for a 4 kg rigid mass at 5 vibration amplitudes. 
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Figure 3.8 Calibration tests for an 8 kg rigid mass at 5 vibration amplitudes. 
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Calibration testing identified several properties of the test facility. From the 
acceleration power spectral densities it was observed that shaker output was highly 
dependent on the requested force level at frequencies below 25 Hz. Due to their 
small size, electrodynamic exciters such as the V406 are linear in their force 
response over only a limited frequency range. The V406 specifications rate it as 
linear from 5 to 9000 Hz but this was found to be true only in the no-load condition. In 
order to achieve significant force output, and thus significant platform acceleration, 
below 25 Hz the voltage drive signals were augmented at low frequencies by means 
of a Finite Impulse Response (FIR) digital filter compensator developed for the child 
testing application. Figures 3.7 and 3.8 show that use of the compensator filter 
achieved acceptably constant platform acceleration levels but that it was not possible 
to completely eliminate all variation with test amplitude. Fully compensated input 
signals would have required either the development of a compensator filter for each 
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child loading and each test amplitude, or the purchase of a closed loop controller, 
neither or which was possible within the time and cost restraints of the research. 
A second comment that can be made based on the calibration results is that the 
modulus curves monotonically increase as the frequency approached 1 Hz. The 
platform acceleration amplitude approached zero while the static and movement 
loading of the child remained nonzero. The ratio of the nonzero force to the nearly 
zero acceleration caused the apparent mass function to tend to infinity. Given that no 
tests produced significant acceleration levels at or below 1 Hz these low frequency 
peaks can be considered numerical artefacts. 
A third comment is that all phase response data obtained during calibration testing 
was found to contain a positive drift with frequency. A possible explanation was 
phase retardation of the acceleration sensor. When phase measurement errors of 
less than 1 percent are sought using piezoelectric accelerometers it is generally 
recommended to chose models which have internal resonant frequencies which are 
at least 10 times higher than the maximum frequency of interest. The ENTRAN 
EGAS-FT -25 had a natural frequency of 730 Hz, thus appeared to be within the 
recommended values. The sensor was, however, based on a micro-strain-gauge 
device and had a much larger internal damping value than normally found for 
piezoelectric units. Given the damping ratio of 0.66 specified by the manufacturer an 
estimate of the phase error is obtained by treating the sensor as a single degree of 
freedom system and determining its phase response as 
(J [radians] ::= Q --,~~/';;...;.;n_ 
l-(~J 
1 
l-(~J 
where Q is the quality factor, q the damping ratio, fn the natural frequency of the 
sensor and f the frequency of interest. For the EGAS-FT -25 this expression 
suggested a value of 3.6 degrees at 45 Hz, insufficient to explain the measurements. 
Considering instead the force measurement it is known that the dynamics of the 
structure being tested can interact with the sensor causing errors in the force signal. 
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McConnell (1995) derived an expression for this interaction error in the case of a 
sensor placed between exciter and vibrating structure. If the vibrating structure under 
test is treated to a first approximation as a single degree of freedom system the error 
ratio (ER) between the true force and the force measured by the sensor can be 
expressed in terms of the properties of the test object as 
ER 
where r in the dimensionless frequency ratio with respect to the test object, ; is the 
damping ratio of the test object and M is the ratio between the seismic mass of the 
sensor and the moving mass of the structure. If modulus and phase angle of the 
error ratio are plotted for realistic mass ratio and damping values for the child rig 
(M=0.01 and ;=0.2 in Figure 3.9 below) the total phase error does not exceed 2 
degrees, again insufficient to explain the measurements. 
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Geometric installation errors such as accelerometer or load cell misalignment were 
also excluded as possible explanations since geometric errors would affect only the 
measured modulus, not the phase. It was therefore concluded that at least one of the 
sensors had a larger than specified phase error. Since phase accuracy was found to 
be lower than modulus accuracy, the modulus information was considered the main 
research finding and was taken as the basis for developments such as the mass-
spring-damper models of the child body presented later in this chapter. 
Chapter 3 - Measurement of the WBV Response of Small Children 96 
3.2.6 Issues Specific to Child Testing 
3.2.6.1 Child Happiness 
Though not clearly articulated in current ethical codes such as the code of practice of 
the American Psychological Association (1992), the Canadian Tri-Council Policy 
Statement (1998) or the code of practice of the Society for Research in Child 
Development (described in Berk 1997), ethical and practical considerations 
suggested that child happiness should be maximised during testing. Additionally, an 
unhappy child would be expected to move about, reducing the accuracy of the 
response data. In an extreme scenario a crying child would be expected to trigger a 
request for test interruption by the concerned parent, leading to loss of all data. 
Several steps were taken to maximise child happiness during their time in the 
laboratory and during testing. First, parental presence was considered fundamental 
during all phases of the testing. Given the time constraints on both the researcher 
and the parents it was not possible to arrange preparatory sessions in which the child 
and researcher developed a trust relationship. In the absence of an existing 
relationship between the child and the researcher it was decided that the test 
protocol should actively encourage the parents to participate by observing, talking 
and playing with the child. The parent or parents were involved as collaborators 
guaranteeing support for the child and ensuring additional monitoring of safety 
procedures. 
A second aspect of the test protocol aimed at ensuring child happiness was a 
familiarisation period upon entering the laboratory which gave the child and parents 
time to become comfortable with the laboratory environment. This period included 
the interval in which the aims and methods were explained to the parents, the 
reading and signing of the consent forms and the time taken to weigh and measure 
the child. Additional time was taken in some cases to read to the child and help the 
child play with toys that were kept on hand until the child felt comfortable with the 
laboratory and with the researcher. 
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A third feature of the test protocol aimed at ensuring child happiness was the 
availability of a range of toys. A cot mobile was purchased and installed. Numerous 
figures dealing with Winnie the Pooh characters were pasted to various components 
of the rig and surrounding laboratory. Several toys including a rattle, chime, doll , 
stuffed tiger and book were positioned around the bench to render the environment 
more child-friendly. 
Figure 3.10 Child testing facility as seen by parents and children when 
entering the laboratory. 
3.2.6.2 Child Movement 
As early as 1961 Coermann showed that sitting posture had a significant influence 
on measured driving point mechanical impedance. Recent research such as the 
2002 study by Mansfield and Griffin has investigated in great detail the effect of 
sitting posture on apparent mass, finding changes of as much as 1 Hz in the 
frequency of resonance and significant changes in response amplitude at and above 
resonance. Such findings suggested that active movement of the child, involving 
changes in sitting posture, should be discouraged during testing. One method of 
minimising child movement was the use of the safety belts which were buckled and 
adjusted at the start of the test session. Adjusting the belts to their normal operating 
tension provided an important contribution towards limiting movement. A second 
method used to reduce child movement was to encourage the child to play with small 
toys or to have an adult read to the child from a book. Play provided a distraction 
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which helped limit movement to small motions of the arms and upper body. During 
most tests both the researcher and a parent actively played with or read to the child. 
Figure 3.11 Example of small movements during vibration testing. 
Figure 3.12 Example of large change of posture during vibration testing. 
Despite all efforts the nature of children is such that some movement during the 
vibration exposure was inevitable. Figure 3.11 presents a typical movement 
consisting of motion of the upper body and arms. Such motions occurred in most 
tests. Figure 3.12 presents instead an example of a more significant shift in body 
posture with the subject leaning his upper body to his right and with one leg extended 
beyond the limits of the rigid seat. Postural shifts of this type were less frequent and 
readily identifiable in the force time histories of the three load cells. Centre of gravity 
motion in such cases caused the readings of at least one load cell to drop in mean 
value while the others increased. Apparent mass and absorbed power calculations 
performed using data from segments involving postural shifts showed only small 
differences with respect to the overall average results determined for the complete 2 
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minute test exposure. Since no procedure for monitoring child posture had been 
incorporated into the test protocol and since the differences caused by posture 
appeared smaller than those caused by test signal amplitude, no further reporting of 
child posture is provided in this thesis. 
3.2.7 Test Protocol 
Eight children were tested whose ages ranged from 3 to 23 months with a mean 
value of 11.8. Their weight ranged from 5 to 12.4 kg with a mean value of 9.5 kg 
while their heights ranged from 50 to 86 cm with a mean value of 73.4 as shown in 
Table 3.4 below .. 
Child Age (months) Mass (kg) Height (em) Sex (M/F) 
al 10.0 9.4 76.0 M 
im 15.0 11.0 86.0 M 
ja 13.0 11.4 80.0 M 
ju 3.0 5.2 50.0 F 
Ie 8.5 9.4 73.0 M 
rna 7.0 8.0 66.0 F 
rno 14.5 10.2 71.0 F 
sa 23.0 12.4 85.0 F 
Mean 11.8 9.6 73.4 . 
Std. 6.1 2.2 11.7 . 
Table 3.4 Test subject characteristics. 
Each child was brought by a parent or parents to the test facility and a fixed 
procedure was followed (Table 3.5). The procedure consisted of the steps defined in 
Table 3.5. The protocol sought to maximise the safety of all persons involved, to 
minimise the vibration exposure undergone by the child and to minimise the total 
amount of time that the child and parents were requested to spend in the laboratory. 
The information describing the experiments was repeated in the same manner to all 
the parents using a set of verbal instructions and written consent forms. All test 
Signals and interval times were repeated by means of an automated sequence file 
developed in the EMON software. 
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Phase Tasks Performed and Information Obtained 
Research objectives and The parents were instructed regarding the research objectives 
test method (-4 minutes) and methods. A detailed verbal description of the safety features 
of the child testing facility was given. The type and level of 
acceleration signal used was stated as were the levels normally 
occurring in automobiles. 
Reading and signing of the The parent or parents were asked to read, sign and date the 
participation form participation form which repeated the main safety and test 
(-2 minutes) features. 
Child anthropometric Supine length was measured on a table surface and weight was 
measurement measured using a scale. 
(-2 minutes) 
Play and familiarisation If the child appeared unhappy with the surroundings a period of 
time (1-10 minutes) time was dedicated to play and familiarisation. 
Seating and adjustment The child was placed in the rigid test seat by the parent and the 
(-1 minute) belt straps were adjusted by the researcher. The cot mobile was 
activated and play was initiated. 
Vibration exposure The child's name and sequence number was entered by the 
(-10 minutes) researcher into the EMON software and the automated test 
procedure was invoked. One complete test sequence consisted 
of a 2 minute exposure using the 1400mV drive voltage signal 
followed by the saving of all time histories and transfer functions, 
followed by the 2 minute 1800 mV drive signal exposure and the 
saving of all 1800mV time histories and transfer functions. No 
more than two sequences (8 minutes of total exposure) were 
performed for any child on a single day. 
Table 3.5 Child vibration testing protocol used with all subjects. 
3.3 Apparent Mass Functions of Small Children 
In this thesis the driving point frequency response function chosen for representing 
the response properties of children smaller that 20 kg was the apparent mass 
defined as 
Apparent Mass (j w) AM(jw) F (jOJ) 
x (jw) (3.3) 
where F{jliJ)and x{jliJ) are the Fourier Transforms of the force and acceleration 
measured at the rigid seat. The apparent mass function was chosen over other 
representations due to the ease of interpretation (since the modulus approaches the 
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static mass of the subject as frequency approaches zero) and for ease of 
comparison to data measured for primates and adults. 
Figure 3.13 Single and dual degree of freedom models of the seated body. 
Several authors have shown that single or dual degree of freedom systems (Figure 
3.13) with support masses provide accurate representations of the vertical whole-
body response properties of seated primates and humans. For the single degree of 
freedom system with support mass the expression for the driving point apparent 
mass can be shown to be 
which has modulus 
IAM(j(J)~ = 
and phase 
«mo +mt)kt -momt(J)2)2 +«mo +mt)Ct(J))2 
(kt -mt(J)2)2 + (Ct(J))2 
(3.4) 
(3.5) 
LAM{j(J)) = tan-t( (mo +m, )etl» 2 )_tan-t( Ct(J) 2) (3.6) 
(mo + mt)Jet - momtl» k, - mt(J) 
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While for the dual degree of freedom with support mass representation the 
expression for the driving point apparent mass can be shown to be 
where: 
a) = k)k2 - (k)m2 + k2m) ){i)2 + m)m2{i)4 - C)C2{i)2 
a2 = (k)c2 +k2c)){i)-(m)c2 +m2c)){i)3 
(3.7) 
a3 = (mo + m) + m2)k)k2 - (mom2k) + mom)k2 + m)m2k) + m)m2k2 ){i)2 
a4 = mOm)m2{i)4 - (moc)c2 + m)c)c2 + m2c)c2 ){i)2 
as = (mo + m) + m2 )(k)c2 + k2c)){i) 
a6 = -(mOm)c2 + mom2c) + m)m2c2 + m)m2c) ){i)3 
which has a modulus of 
and phase 
(a3 +a4 )2 +(as +a6 )2 
(a))2 +(a2)2 
(3.8) 
(3.9) 
Apparent mass functions were determined for each child using the experimentally 
acquired force and acceleration time histories. Input, output and cross power spectral 
densities were determined and an Hv estimate of the apparent mass function was 
determined. The Hv spectral estimator assumes random measurement error on both 
the input and output signals and is derived from the H1 and H2 estimators (McConnell 
1995) defined by 
and 
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Both H1 and H2 provide the same phase since Gxy(m) and Gyx(m)are complex 
conjugates however H1 provides the more accurate modulus estimates at anti-
resonance frequencies while H2 provides better modulus estimates at resonance. 
The vector average estimator Hv is defined as the geometric mean of the two 
H v (m) = ~ HI (m)H 2 (m) (3.10) 
which due to the presence of the complex conjugates leads to only a modulus 
estimate (phase being taken from either H1 or H2) given by 
(3.11 ) 
Since Hv is the most frequently used estimator in cases where the measurement 
noise is not known a-priori it was applied in all cases analysed in this thesis. The Hv 
estimator was applied to the acceleration and force time histories sampled at 200 Hz. 
A data block size of 512 points and an overlap of 97% were used leading to a 
spectral resolution of 0.39 Hz between frequency lines. For the given processing 
parameters each 2 minute exposure produced a total of 1541 averages. A Hanning 
window function was used to reduce leakage and all results were plotted as power 
spectral densities. 
Figures 3.14 and 3.15 present the apparent mass modulus and phase functions 
determined for each of the 8 children at the r.m.s. test amplitudes of 0.8 and 1.2 m/s2 
(1400 and 1800 mV). The response of the child body was found to be relatively linear 
over the range of amplitudes and frequencies considered. Upon inspection the 
responses suggest a single degree of freedom as commonly found for primates 
rather than the dual degree of freedom representation most commonly used with 
adult humans. Both the modulus and phase responses showed a high level of 
similarity across the test group. The frequency of peak response modulus (the anti-
resonance frequency) occurred in a restricted interval from 5.86 to 7.42 Hz, with a 
mean value of 6.25 Hz for the group. An interesting observation is that the smallest 
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child tested , subject ju, was characterised by both the lowest apparent mass 
modulus and the highest damping ratio. Coherence functions for all subjects were 
found to be equal to approximately 1.0 over the frequency range from 1 to 45 Hz. 
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Figure 3.14 Apparent mass modulus functions for 8 children tested at r.m.s. 
acceleration levels of 0.8 m/s2 (1400mV) and 1.2 m/s2 (1800 mV). 
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Figure 3.15 Apparent mass phase functions for 8 children tested at r.m.s. 
acceleration levels of 0.8 m/s2 (1400mV) and 1.2 m/s2 (1800 mY). 
For the input vibration amplitude of 1.2 m/s2 Figure 3.16 presents the individual 
apparent mass modulus curves for the 8 children of mass less than 20 kg and the 
group average curve. Given the single degree of freedom behaviour and the limited 
variation in the frequency of anti-resonance it can be seen that the average curve 
provides a useful representation of the behaviour of the group. Figure 3.17 compares 
the average apparent mass modulus curve of the children to apparent mass data 
reported in the literature for adult humans and for primates. The recent International 
Standards Organisation 5982:2001 (E) defines apparent mass modulus and phase 
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values for erect sitting adults of total mass in the range from 49 to 93 kg. Apparent 
mass data was determined for primates using the single degree of freedom models 
reported in the three studies of Rhesus monkeys (mulata mucaca) by Broderson and 
Von Gierke (1971), Sionim (1985) and Smith (1991). With total masses of the order 
of 6 to 9 kilograms the monkeys present the lowest overall modulus values and the 
highest anti-resonant frequencies (8.1, 10.9 and 7.9 kilograms at frequencies of 6.5, 
8.0 and 8.5 Hz respectively). Being slightly greater in total mass the children present 
a higher average modulus of 14.8 kg and lower average anti-resonance frequency of 
6.25 Hz. The data for the adults is characterised by the highest overall modulus, 75.4 
kg, and the lowest anti-resonance frequency, 4.0 Hz. These apparent mass 
comparisons suggests a relatively simple scaling process occurring as a function of 
body mass, a subject which will be analysed further in the summary to this chapter. 
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Figure 3.16 Individual and group average apparent mass modulus for 8 children. 
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Figure 3.18 presents the apparent mass phase angle measured for each of the 8 
children and the group average curve. Again as in the case of the modulus results a 
strong similarity exists among the individual curves therefore the average value 
provides a useful representation of the entire group. Figure 3.19 compares the 
average phase response curve for the children to those for adult humans and 
primates found in the literature. More than in the case of modulus, the phase 
response highlight the single degree of freedom nature of the vibration response of 
primates and children. The phase curves defined in ISO 5982 for erect seated adults 
denote two distinct changes in slope, occurring at approximately 4.5 and 12 Hz, 
which suggest the presence of two externally measurable resonance behaviours. 
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A technique used for facilitating comparisons across humans and primates of 
different size is to normalise the apparent mass modulus by the body mass of the 
individual. Figures 3.20 and 3.21 present the child, adult and primate vibration 
responses in mass normalised form. Using this representation the similarity between 
the results for the various children is even more pronounced, only the smallest child 
Uu of 8.0 kg) shows a substantially different behaviour. In this form it is also evident 
that both the children and the primates have substantially greater damping ratios 
than that of adult humans. 
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Figure 3.20 Individual and group average normalised apparent mass modulus 
for 8 children. 
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3.4 Mass-Spring-Damper Models of Small Children 
Economic use of human testing data requires a synthetic representation in the form 
of a dynamic model. As noted in the whole-body review the majority of studies 
performed to date for the vertical direction have summarised the human response 
properties by means of linear mass-spring-damper models of either one or two 
degrees of freedom. This approach has been adopted here in order to facilitate 
comparison with the existing literature. 
The single degree of freedom linear lumped parameter mass-spring-damper model 
defined by equation 3.4 was implemented in the MATLAB® software. Parameter 
values were identified for each child by minimising the difference between the 
apparent mass modulus of the model and that of the experimental data. Phase 
information was not considered due to the previously discussed sensor drift. The 
differences between model and experiment were quantified by means of the non-
normalised mean squared error (m.s.e.) which for apparent mass modulus can be 
expressed as 
m.s.e t(IAM(jIV)I-IAM(jIV)1 Y 
;=1 
(3.12) 
where N is the number of experimental data points considered and AM(liJ) is the 
apparent mass modulus of the model. Mean square error was chosen because it 
provides a global energy averaged measure of goodness of fit and because its 
minimisation has been shown to ensure the orthogonality of the prediction error with 
respect to the Original experimental data (Allen 1971). For the child apparent mass 
modulus the m.s.e was calculated using a total of N=56 frequency lines covering the 
interval from 2 to 45 Hz. 
Given a modelling error measure optimal parameter values are often identified using 
an algorithm which searches the parameter space for points at which the error is 
minimum. A variety of optimisation routines exist for locating minima, with many 
performing global unconstrained optimisation which potentially searches all possible 
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parameter values and thus all regions of parameter space. This can create difficulties 
in cases where the model parameters have a physical interpretation such as with the 
child models treated here. In such cases an unconstrained optimisation can be 
transformed into a constrained optimisation by means of a penalty function (Rao 
1996) which increases the error measure whenever parameter values exceed a 
predetermined range. For the child apparent mass models a first physical restriction 
was that all parameter values should be positive. This was implemented by means of 
a penalty function which added a large fixed increase in modelling error whenever a 
negative parameter value was attempted. 
10,000 for mo < 0 
ml <0 
Cl <0 
kl <0 
o otherwise 
(3.13) 
A second restriction was that the individual component masses should sum to 
approximately the total mass of the child. The penalty function introduced in this case 
added a large fixed increase in error whenever the sum of the component masses rno 
and rn1 was less than 50% or more than 150% the total mass of the child in question. 
for (mo + m1) < 0.5 mchild 
for 0.5 mchild < (mo + ml ) < 1.5 mchild (3.14) 
for 1.5 mchild < (mo + ml ) 
Use of penalty functions for constraining the single degree of freedom optimisation 
problem lead to a total fitness function defined by the sum of the mean squared error 
and the possible penalties. 
fitness(mO,~,cl,kl) = m.s.e.(mO,~,cl''G)+ penaltyl (mO,ml,cl,kl) 
+ penalty2 (mo,m l ) (3.15) 
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The optimisation method chosen for estimating the child model parameter values 
was the Differential Evolution (DE) algorithm, a parallel direct search method 
developed for performing global optimisation over continuous parameter spaces 
(Stom and Price 1997). Differential Evolution is conceptually similar to Genetic 
Algorithm optimisation with the main difference being that all operations are 
performed on floating point numbers rather than on binary strings of zeros and ones. 
The principal motivation for the choice of Differential Evolution was its simplicity; 
though being one of the most robust algorithms for both linear and nonlinear 
optimisation it can be programmed using as few as 20 lines of code and has only 
three basic control parameters (NP, F and CR). 
DE operates on a population of NP vectors held in a primary array, each containing a 
set of 0 parameter values of the problem being optimised (mo, m1, C1 and k1 in the 
case of the single degree child model). Based on empirical testing Price and Stom 
(1997) suggest a value for NP of 5 to 10 times the number of parameters in the 
individual vectors being optimised. In the first generation the values of each vector 
are assigned a random number, guaranteeing that the initial population spans wide 
regions of parameter space. For each vector of the primary array DE performs a 
process which leads to a final comparison between the target vector (Ptarget) and a 
competing trial vector (Ptrl.,) , the fitness function of the two determining which 
survives to take the place of the target vector in the successive generation held in the 
secondary array. By means of successive fitness-based selections which fill the 
secondary array, and swaps from the secondary to the primary array, DE attempts to 
transform a given starting population of parameter vectors into a final population of 
optimal parameter vectors. 
Differential Evolution is distinguished from other direct search optimisation 
procedures by the biologically inspired process which produces the trial vector whose 
fitness is compared to that of the target vector. The first operation is the random 
selection of a parent vector (P".rent) from the population of vectors of the primary 
array. Next, the parent vector is mutated by adding noise to its parameters. This 
mutation operation introduces randomness into the search, helping both to explore 
new areas of parameter space and to escape from local minima of the fitness 
function. In DE the noise added to the parent vector by the mutation process is taken 
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to be the scaled difference between two other vectors (P1 and P2) chosen randomly 
from the population of the primary array. 
(3.16) 
where the scaling factor F is a user-supplied control parameter whose values for 
stability should be in the range 0 ~ F ~ 1.2 and whose optimal values for most 
problems lie in the range 0.4 ~ F ~ 1.0. With respect to using random noise of fixed 
variance for each parameter this process enhances the mutation since, on average, 
the difference between vectors from the general population provides a step size 
which is different for each individual parameter and which is proportional to each 
parameter's variance in the space. By using population-derived noise DE ensures 
that the parameter space will be efficiently searched in all dimensions. 
The mutated parent vector and the target vector are next used in a crossover 
operation designed to resemble the process by which a child inherits DNA from its 
two parents. Crossover exchanges parameter values by means of 0-1 binomial 
experiments. The process is controlled by a constant called the crossover ratio CR 
which can take on the values 0 ~ CR ~ 1. For each parameter a uniformly distributed 
random number is generated within the interval from 0 to 1. The child vector takes a 
parameter from the original target vector (PtafJ1et) if the random number is greater 
than CR whereas it takes the parameter from the mutated parent vector if the 
random number is less than CR. The result is a new vector called the trial vector Ptrlal 
which constitutes another possible solution of the optimisation problem. By using 0-1 
binomial experiments DE ensure that at least one parameter of the trial vector is 
always taken from the noisy mutated vector even when CR=O. 
In the final Differential Evolution operation the fitness values of the target and trial 
vectors are compared and the best (in the case of the child model the one having the 
lowest error) survives to pass to the next generation held in the secondary array. 
This natural selection ensures progressive improvement of the population of 
parameter vectors from generation to generation. Operations for a single generation 
continue until all vectors of the primary array have been targeted and their 
corresponding positions in the secondary array filled. By then swapping the elements 
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of the secondary array for those of the primary array the process can be repeated 
any number of times. The process is halted when either a maximum number of 
iterations has been completed or a halting criteria such as an average fitness value 
for the population of the secondary array has been achieved. The operational 
sequence of the algorithm as applied to the child model is illustrated in Figure 3.22. 
First generation of NP parameter vectors with associated fitness values (primary array). 
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Next generation of NP parameter vectors with associated fitness values (secondary array). 
Figure 3.22 One trial of the Differential Evolution AlgOrithm as applied to the 
child model parameter estimation task. 
Trial runs for the child mass~spring-damper model lead to the choice of Differential 
Evolution algorithm parameters NP=70. F=0.5 and CR=0.5 using 200 iterations. 
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Optimisation runs were performed for all children for the input amplitude of 1800 mV 
corresponding to 1.2 m/s2 r.m.s. acceleration. The identified parameter values are 
presented along with the group average values and the m.s.e. in Table 3.6 below. 
Child mtotal (kg) mo (kg) m1 (kg) k1 (N/m) C1 (Ns/m) m.s.e (kg) 
al 9.2 0.8 8.4 21187 350 0.11 
im 10.8 1.2 9.6 19242 364 0.11 
ja 10.5 0.9 9.6 27357 374 0.34 
ju 6.3 1.3 5.0 18420 279 0.05 
Ie 8.3 0.6 7.7 19211 298 0.17 
rna 7.6 0.8 6.8 16618 232 0.23 
mo 11.8 1.0 10.8 21162 431 0.33 
sa 11.2 0.8 10.4 25853 305 0.29 
Mean 9.5 0.9 8.5 21131 329 0.20 
Std. 1.9 0.2 2.0 3704 63 0.11 
Table 3.6 Parameter values of the optimal two-mass single degree of 
freedom model fit to the modulus function of each child data set. 
It is of interest to compare the mean model parameters to models reported in the 
literature for primates and for adult humans. For a group of Rhesus monkeys Smith 
(1992) reported a mean mass of 6.67 kg, a mean stiffness of 15190 N/m and a mean 
damping coefficient of 231 Ns/m. For a group of older children and adults having a 
mean mass of 51.2 kg, Griffen and Wei (1998) reported a mean stiffness of 44130 
N/m and a mean damping of 1485 Ns/m. The child model defined in the table above 
has mass, stiffness and damping parameters which are intermediate to the lighter 
primates and heavier adult humans, suggesting a simple scaling relationship. The 
nature of this scaling will be discussed further in the summary to this chapter. Figure 
3.23 below provides a comparison between the apparent mass modulus and phase 
functions obtained experimentally and those predicted by the child models. 
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3.5 Absorbed Power Analysis of Small children 
In the whole-body vibration review it was noted that several researchers have 
performed studies which have measured for adults the mechanical power absorbed 
during a vibration exposure. Absorbed power has been seen as a possible 
alternative measure of exposure severity with respect to the frequency weightings 
derived from subjective responses used in standards such as ISO 2631 and BS 
6841. As a metric, absorbed power has been found to provide different, and 
sometimes contradictory, indications of exposure severity with respect to the more 
commonly used frequency weightings. An understanding of the child vibration 
problem was expected to be incomplete without knowledge of the power absorption 
properties. This section presents absorbed power and normalised absorbed power 
determined from the force and acceleration data acquired. 
If force and velocity are known at the interface between the human body and its 
environment the power can be determined by taking the product of the two 
P(OJ) F(OJ)V(OJ) (3.17) 
which can be separated into real and imaginary components 
F(OJ) V(OJ) Cos (8) (3.18) 
and 
~m(W) F(w) V(w) Sin(8) (3.19) 
where e is the phase angle between the force and the velocity. A question that can 
be asked regarding the power arriving at the human body is how much is returned to 
the source of the vibration, and thus how much is dissipated in the body. The motion 
of a pure mass element, which does not absorb energy, would be characterised by a 
velocity lag of 90 degrees with respect to the force. Likewise, the motion of a linear 
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spring which is also incapable of energy absorption would be characterised by a 
velocity which leads the force by 90 degrees. The motion of a linear (viscous) 
damper which dissipates energy is characterised by a velocity and force which are in 
phase. These observations suggest that only the real component of the power 
represents energy that is not retumed to the vibrating surface from the body. The 
real part is therefore the power that is absorbed within the body and dissipated as 
heat. For convenience the absorbed power can be determined from the cross 
spectrum between velocity and force 
(3.20) 
where IGVF (m) I is the modulus and ¢J(m) the phase of the cross spectrum between 
the driving point input velocity and output force. Determined in this manner the 
absorbed power can be plotted in spectral density form which has units defined by 
the product of force and velocity divided by the spectral resolution, or (Nm/s)/Hz. 
Since absorbed power has been shown to increase with the square of the input 
acceleration authors such as Lee and Pradko (1968) and Mansfield and Griffin 
(1998) have also presented results in acceleration normalised form. In this form the 
absorbed power spectral density is divided by the square of the acceleration power 
spectral density leading to units of Ns3/m. Authors such as Lunstrom et. al. (1998) 
have noted instead that the power absorbed by humans increases in proportion to 
body mass, leading them to normalise their data by the body mass in kilograms. 
These authors have presented results in units of Watts per kilogram in spectrum 
form or units of W IkgHz in spectral density form. In what follows the absorbed power 
is presented in both spectral density form in units of (Nm/s)/Hz and normalised 
spectral density form using units of Ns3/m. Additionally, the effects of both test 
acceleration and subject mass have been simultaneously compensated by use of a 
double normalised measure having units of Ns3/kgm. 
The absorbed power was determined from the force and acceleration time histories 
recorded during the apparent mass tests of the child subjects. The acceleration time 
history was Single integrated in the frequency domain and a 5th order polynomial was 
applied to the data in the time domain to reduce low frequency trends caused by the 
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integration. The cross spectrum was then determined using the same processing 
parameters used previously for the apparent mass calculations. The sampling rate 
was 200 Hz, the window type was Hanning, the block size used was 512 points with 
an overlap of 97% which lead to a spectral resolution of 0.39 Hz between frequency 
lines and a total of 1541 averages for each 2 minute exposure signal. 
Figure 3.24 presents the absorbed power determined for the eight subjects at 0.8 
and 1.2 m/s2• The absorbed power increased with both acceleration amplitude and 
subject mass. At 5.2 kg the smallest child (ju) absorbed the least energy while at 
12.4 kg the largest (sa) absorbed the most. The frequency of peak power absorption 
suggested a single whole-body response resonance at approximately 7.4 Hz. All the 
individual absorbed power measurements are characterised by a noisy appearance, 
containing multiple peaks which at first inspection might suggest multiple body 
resonances. These variations in the absorbed power are largely due, however, to 
variations in the input acceleration spectra. Normalising each frequency line by the 
input acceleration spectra reduces this phenomena and leads to normalised 
absorbed power curves which are smoother and more easily interpretable in 
appearance. 
All acceleration normalised absorbed power curves are presented in Figure 3.25. 
The curves confirm the single degree of freedom behaviour of the measured 
response data (no second peak) and also confirm a relatively high level of linearity 
(compared to results for other biological systems). Changes in the modulus peak for 
subjects Ie, rna, mo show some migration towards a lower anti-resonant frequency 
while the changes for subject ju show the opposite. Unfortunately, the number of 
subjects tested and the size of the changes did not result statistically significant for 
the two test acceleration amplitudes used (ANOVA p>0.05). It is thus not possible in 
this study to confirm or reject the hypothesis of nonlinear softening system behaviour 
often found for adult humans. It is nevertheless of interest to note that two of the 
heaviest children, mo and sa, showed possible evidence of softening system 
behaviour while the lightest (ju) was the only subject possibly showing hardening 
system behaviour. 
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Figure 3.24 Absorbed power spectral density for 8 children tested at r.m .s. 
acceleration levels of 0.8 m/s2 (1400mV) and 1.2 m/s2 (1800 mV). 
Chapter 3 - Measurement of the WBV Response of Small Children 120 
s 
...... 
-('I') 
en 
Z 
-
N 
4J 
:c 
0 
Pot 
'tj 
4J 
-e 
0 
en 
~ 
'tj 
4J 
en 
·rt 
.-t 
e 
0 
Z 
0.4 
0 . 34 
o. 
o. 
0 . 3 
o. 
0 . 2 
o. 
0 . 3 
o. 
0 . 24 
0 . 2 
0 . 14 
0 . 1 
0 . 0 
0 . 3 
O. 
- al 1800 mv 
- al 1400 mv 
ja 1800 mv 
- ja 1400 mv 
le 1800 mv 
le 1400 mv 
1800 mv 
1400 mv 
0 . 4 
0 . 3 im 1800 mv 
o. 
im 1400 mv 
0 . 2 
o. 
0 . 1 
0 . 1 
0 . 0 
o. 
0 . 3 ju 1800 mv 
o. ju 1400 mv 
0 . 2 
o. 
0 . 4 
0 . 34 rna 1800 mv 
o. 
rna 1400 mv 
0 . 2 
o. 
0 . 1 
O. 
0 . 0 
O . ~---------------------. 
0 . 3 
O. 
1800 mv 
1400 mv 
45 
Frequency (Hz) 
Figure 3.25 Normalised absorbed power for 8 children tested at r.m.s. 
acceleration levels of 0.8 m/s2 (1400mV) and 1.2 m/s2 (1800 mY). 
Chapter 3 - Measurement of the WBV Response of Small Children 121 
Figure 3.26 presents the acceleration normalised absorbed power for each subject 
and the group average result obtained for the 1.2 m/s2 tests. While body mass 
differentiates the curves, there is remarkable similarity in the frequency dependency. 
Figure 3.27 provides a comparison between the average acceleration normalised 
absorbed power curve for the children and measurements reported in the literature 
for adults. A fundamental feature which emerges from the comparison is the 
difference in resonance frequency for the two groups, 7.4 Hz for the children as 
opposed to values in the range from 4 to 4.5 Hz for adults. Additionally, the data for 
the children shows only a single externally measurable body resonance while several 
of the data sets for adults show evidence of a second resonance frequency in the 
range from 9 to 12 Hz. The comparison between child and adult power absorption 
behaviour can be further refined by performing double normalisation (both 
acceleration and body mass) on the data. This form of representation, used here for 
the first time, is presented as Figure 3.28. Presented in this manner it is evident that 
the child vibration response is characterised by both a higher resonance frequency 
and wider absorption peak. 
Besides frequency dependency it is also worthwhile to consider the total power by 
integrating the absorption curves. In acceleration normalised form integration of the 
mean curve for the children and that for adults tested at 1 m/s2 reported by Mansfield 
and Griffin (1998) leads to a large difference in power. At 0.0156 Ns2/m for the 
children and 0.1289 Ns2/m for the adults the absorption for the children is just 12% 
that of adults. When determining the absorbed power in double normalised form, 
however, the two values are found to be much closer at 0.00162 Ns2/kgm for the 
children and 0.00188 Ns2/kgm for the adults showing that child absorption is 86% 
that of adults. This suggests that due to their higher stiffness-to-mass ratio small 
children are slightly less efficient absorbers of energy. 
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3.6 Summary and Allometric Scaling 
This chapter has provided an analysis of the whole-body mechanical response 
properties of small children under 20 kg in mass and has compared the findings to 
data for primates and human adults. The purpose was to establish the dynamics of 
small children so that these dynamics could be correctly interpreted and represented 
when analysing or designing the safety seats in which they travel. The findings 
suggest that for small children the resonance frequency, the anti-resonance 
frequency, the frequency dependence of both the apparent mass and the absorbed 
power, and the total absorbed power per kilogram are significantly different from 
what is currently known for adults. Having average resonance frequencies which are 
3 Hz higher than for adults and having power absorptions which are approximately 
15 percent less, small children would appear to present a significant new challenge 
for the whole-body vibration community. 
More than 60 years of whole-body vibration research has led to the development of 
numerous methodologies, foremost among them the frequency weighting curves 
defined by national and international standardisation bodies. These frequency 
weightings (Wb is used extensively in this thesis) have been developed from the 
subjective response of adult humans and their properties can be shown to strongly 
correlate with whole-body mechanical response. In general terms the frequencies 
with high gain values in the weighting curves correspond to the regions of the 
principal whole-body mechanical resonances. The findings of this chapter suggest 
that existing evaluation methods most likely do not adequately represent the level of 
vibration discomfort or the health risk caused to small children by vibration. This 
conclusion is a direct consequence of the difference in mechanical response 
between small children and adults. Further research will be required in order to adapt 
the existing methods to the needs of small children. 
A possible aid to such developments may come from an analysis of the allometric 
scaling involved. Comparisons made in this chapter between primates, children and 
adult humans showed evidence of gradual changes across species and across body 
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mass. The dependence of a biological variable Yon body mass M is often described 
by means of an allometric scaling law (West, Brown and Enquist 1997) of the form 
y (3.21 ) 
where Yo and b are constants. It was once thought that the scaling exponent h 
reflected geometric constraints on living organisms and that as such the values 
should be multiples of 1/3. More recently it has been shown that most biological 
phenomena have scaling exponents which are 1/4 powers of the mass. Examples 
include the metabolic rates of living organisms which scale with the +3/4 power of the 
mass, heartbeat which scales with the -1/4 power and blood circulation and life span 
which scale with the +1/4 power. West, Brown and Enquist (1997) have developed a 
general theory of 1/4 power scaling for biological organisms based on the transport 
of nutrients through fractal space-filling networks with branching tubes of finite size. 
It is instructive to analyse the allometric relations for the principle parameters 
describing the vibration response of primates, children and adults. The basis for the 
analysis are the single degree of freedom (with base support) mass-spring-damper 
models reported for primates by Broderson and Von Gierke (1971), Sionim (1985) 
and Smith (1991), reported here for children under 20 kg in mass and reported for 
large children and adults by Wei and Griffin (1998). The parameters for each subject 
described by each author was entered into a table and used to determine the model 
natural frequency and damping ratio. With masses ranging from 5.98 to 108 kg 
(average 42.2 kg) the data set covers changes of more than one order of magnitude. 
A first question of an allometric nature is the growth of the moving mass element with 
respect to the growth in total mass of the subject. Figure 3.29 presents the moving 
mass m1 plotted against the total model mass mtotal using logarithmic scales for both 
axis. A regression model of the data provides a scaling exponent of approximately 
unity, suggesting that moving mass grows linearly across body sizes. This represents 
an intuitive, but not guaranteed, result and is a 1/4 power exponent. 
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Figure 3.29 Allometric scaling of the moving mass of the upper body as a 
function of the total body mass determined from single degree of 
freedom models of primates, children and adult humans. 
A second question of interest is the growth in the body spring stiffness with mass. 
Figure 3.30 presents the single degree of freedom spring constants plotted against 
body mass for the data set. The data and the regression model coefficients suggest 
that the stiffness grows with a power exponent of +1/2. Body mass therefore 
increases at a greater rate than tissue stiffness. This leads to body resonances 
which decrease in frequency with increasing size of the animal. 
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Figure 3.30 Allometric scaling of body stiffness with body mass determined 
from single degree of freedom models of primates, children and 
adult humans. 
Of particular relevance to both the response amplitude and the absorbed power is 
the amount of damping exhibited. Given the complexities of measuring and 
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modelling damping for individual body tissues it is particularly important to obtain an 
understanding of the macroscopic externally measurable properties. Figure 3.31 
presents both the damping coefficients themselves and the damping ratios 
determined for the models of the data set. Regression analysis suggests that the 
damping coefficient grows as a function of body mass according to a scaling 
exponent of +0.78, which given further data could reveal itself to be an exponent of 
+3/4 or +0.75. Body damping therefore grows at a slower rate than body mass, but at 
a faster rate than the body stiffness. Of greater potential interest than the growth in 
the damping coefficient itself is the relationship between the damping ratio and the 
body mass. The data in this case shows little or no change with mass, suggesting 
that evolutionary forces have lead to animals with nearly constant vibration decay 
rates and forced response magnification factors, possibly due to the elastic limits 
imposed by the load bearing tissues. 
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Figure 3.31 Allometric scaling with body mass for the damping coefficient and 
damping ratio determined from single degree of freedom models 
of primates, children and adult humans. 
Perhaps the most important allometric relationship for seat designers is the change 
with body mass of the vertical whole-body natural frequency. Figure 3.32 presents 
the natural frequencies determined for all models in the data set plotted as a function 
of body mass. In this case the relationship is negative and regression analysis leads 
to an exponent of -0.289. As with the damping coefficients there is a possibility that 
given more data this relationship may result a quarter power with a value of - 1/4 . 
More importantly, with 83% of the variance accounted for there appears to be scope 
for estimating the most likely resonance frequency of a an individual from their body 
mass. Though the whole-body vibration literature identifies many factors which 
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influence the response frequency of a seated individual such as sitting posture and 
muscle tone, it does appear that an estimate of the response frequency for an 
"average" individual of given mass can be made. This result may be useful when 
attempting to adapt standard frequency weightings to the child vibration problem. 
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Figure 3.32 Allometric scaling of the natural frequency as a function of body 
mass determined from single degree of freedom models of 
primates, children and adult humans. 
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4.1 Introduction 
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Having investigated the vibration properties of the small children attention next focussed 
on the seat units. Given the lack of any literature for child seats several basic questions 
required answering: 
• What resonant frequencies are typical of child seats? 
• What are the vibrating shapes of child seats? 
• Do vibrating frequencies or shapes change when carrying a child in a vehicle? 
• What is the damping level? 
• What properties can be altered to improve vibrational comfort ? 
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Any resonance frequencies in the whole-body vibration range from 0 to 100 Hz would be 
expected to affect child comfort. Both the frequency location and the vibrating shape are 
important since child mechanical response and child subjective response depend on 
both the frequency and direction of the movement. The nature and level of damping 
provided by child seats is also important since any efforts to reduce vibration by means 
of damping treatments or dynamic absorbers requires knowledge of the levels normally 
found in the units. 
In order to answer some of these questions two forms of experimentation were used. A 
first set of tests applied Experimental Modal Analysis (EMA) methods to two child seats 
which were considered representative of a range of commercial products available in 
stores. The two seats were tested in isolation in the laboratory using a specially 
prepared test facility. The objective was to use linear frequency domain modal analysis 
techniques to determine the eigenvalues, eigenvectors and damping levels of the seats. 
In order to obtain the closest possible correspondence between the test results and the 
actual operating performance of the seats they were tested complete with all 
components and trim. 
Since the vibration behaviour of a device can change greatly in its operational 
environment due to force coupling with other structures and due to kinematic 
constraints, a second set of tests was performed in an automobile using one child seat 
which was occupied by a child. After acquiring data from drives over a set of road 
surfaces an operational deflection shapes analYSis (running modes analysis) was 
performed to identify the resonant frequencies and movement shapes occurring in 
practice. While not providing eigenvalues and eigenvectors as in the case of EMA, 
operational deflection shapes analysis provides an important check of the working 
dynamics of the test object. 
This chapter presents the two experimental methodologies and the results obtained for 
the child seats tested. The objective of the research was to establish the vibrational 
behaviour of typical child seats and the possible differences occurring between seats of 
different design. 
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4.2 Child Seat Experimental Modal Analysis 
4.2.1 Experimental Modal Analysis (EMA) 
A linear undamped multiple degree of freedom system excited by a set of harmonic 
forces can be described by means of a spatial model of the form 
(4.1 ) 
where [M] is the mass matrix, [K] is the stiffness matrix, [F] is the vector of forcing 
amplitudes and [X] is the matrix of response amplitudes. A spatial model of this type 
can be rearranged as 
which is of the general form 
[x] = [a(m)] [F] (4.2) 
where [a(ro)] is the NxN receptance matrix. The receptance matrix consists of N2 terms 
(4.3) 
which quantify the relationship between the input force at each point j and the output 
displacement obtained at each point i. When a system is described by means of a 
frequency response function matrix such as the receptance matrix [a.(ro)) we speak of a 
response model. It is also possible to express the receptance matrix in terms of the 
system's natural frequencies and mode shape vectors. This can be achieved by taking 
advantage of the orthogonality properties of the mode shape vectors starting with the 
definition of the receptance matrix. 
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The normalised modal shape matrix can be used to write 
which can be further simplified by observing that normalising by the mode shape vector 
matrix [<ll] leads to 
or 
Which shows that any frequency response function of a linear system can be calculated 
from its mode shape vector matrix as 
~ Rjk 
L..J 2 2 
r=1 {j)r -(j) 
(4.4) 
where the constant R is known as the modal constant or the residue, and each natural 
frequency lI.l- is called a pole. The eigenvalues and mode shape vectors themselves 
therefore constitute a modal model of the system, and the formulation above shows how 
a response model can be determined from knowledge of the modal model. Texts such 
as those of Ewins (1984), Maia and Silva (1997) and He and Fu (2001) present various 
algorithms for analytically or experimentally determining modal models. 
In the case of analytic development (Figure 4.1) a description is usually constructed by 
assembling the equations of the spatial model of the system. If correct, this model 
provides a compact and complete representation of the system that can be used to 
obtain the modal model or the response model as required. Analytic development 
necessitates, however, detailed and accurate a-priori knowledge of the system 
components. 
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Figure 4.1 Analytic modelling approach. 
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The experimental approach (Figure 4.2), instead, starts with the measured response 
model then fits a modal model through a process of modal identification. Once a modal 
model is achieved it is then possible to directly write the spatial model from the mode 
shape vector and the natural frequency matrix. This approach can produce a very 
accurate representation of the system but can be difficult to obtain in practice due to 
problems such as noise in the data used during the modal identification stage. 
Response Model 
[a(ro)) 
Modal Identification 
Modal Model 
t"a>;, J, [<I>] 
~ l 
, r 
Spatial Model 
[M] , [K] 
Figure 4.2 Experimental approach. 
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Due to the geometric complexity of child seats and uncertainties regarding the material 
property values. an experimental approach was chosen. Of the possible analysis 
methods the Frequency Domain Direct Parameter Identification method (FDPI) was 
chosen due to its robustness in the case of heavily damped systems. FOPI fits a spatial 
model directly to the experimentally measured frequency response functions then 
transforms the spatial model to obtain the modal model. A general model of the form 
[M][x(t)] + [C][x(t)] + [K][x(t)] = - [M][z(t)] + [F(t)] (4.5) 
is assumed where [M]. [C] and [K] are the mass. stiffness and damping matrices for the 
system of oscillators. [F] is a vector of external forces acting on the individual masses 
and [Z] is a vector of base excitation movements acting on the masses indirectly through 
springs and dampers. 8y assuming harmonic excitation and performing algebraic 
manipulation the matrix equation for a system with Ni inputs and No outputs can be 
written in the frequency domain as 
where: [A1] = [Mr1 [C] is the mass modified damping matrix of order No by No 
[Ao] = [Mr1 [K] is the mass modified stiffness matrix of order No by No 
[H(ro)] is the matrix of FRFs of order No by N, 
[80] and [81] are the force distribution matrices of order No by N, 
(4.6) 
The equation above provides the basis for estimating the constant coefficients of the 
matrices [Ad. [Ao]. [81] and [80]. If during the experiment the power spectral densities 
and the frequency response functions are calculated for a total of L discrete frequency 
values then each term of [H(ro)] will contain 2L (both real and imaginary terms) values. 
Since in general the number of values (2L) in the [H{ro)] matrix will be far greater than 
the number of terms to estimate in the [A1]. [Ao]. [81] and [80] matrices the problem is 
underconstrained and is therefore solved using regression analysis. Once [Ad. [Ao]. [80] 
and [81] are estimated the natural frequencies and mode shape vectors of the modal 
model can be determined. 
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4.2.2 Child Seats Tested 
Since experimental modal analysis is time consuming it had to be restricted to a limited 
number of child seats. Two selection criteria were adopted. The first was that each seat 
should be representative of a number of similar designs in terms of geometry, materials 
and cost. The second was that the seats should differ substantially between themselves 
in terms of their geometry, frame stiffness and carrying handle design. After inspecting a 
number of available products two seats were chosen. The first was a Mothercare Rock 
"n' Go which used a plastic frame that was common to the products of several 
manufacturers. The frame was stiff, and the carrying handle could be folded down into a 
resting position against the frame. These properties suggested high resonance 
frequencies. The second seat, a Britax Rock-A-Bye, was representative of a class of 
products whose carrying handles remained exposed during use in the vehicle. The 
Rock-A-Bye also had the most flexible frame of the many seats inspected, a property 
would be expected to lead to low resonance frequencies. Three views of each seat are 
presented in Figure 4.3 below. 
Figure 4.3 Three views of the Mothercare Rock "n' Go (a) and Britax Rock-A-Bye (b) 
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4.2.3 Child Seat Vibration Testing Facility 
A rig was built to perform the modal tests of the two child seats. A support frame held 
the child seat by means of elastic cords. The frame was centred over an LDS model 501 
electrodynamic shaker (Ling Dynamic Systems 1977). The shaker was rated linear over 
the frequency range from 1.5 to 3000 Hz with a maximum force rating of 908 N and a 
maximum no-load acceleration of 40 g. Voltage drive signals were amplified by means of 
a Gearing & Watson SS300 power amplifier having a maximum current rating of 625 
voltamps. The seat was connected to the shaker by means of a stinger-rod (Ewins 1984) 
which excited it from below in the vertical direction. The point of attachment of the 
stinger rod was chosen so as to be forward and to the left of the centre of gravity of the 
seat. This placement of the input avoided symmetry planes of the seat and thus 
guaranteed that both bending and torsional modes would be excited. 
A PCB model 208B01 force transducer was attached to the child seat end of the stinger 
rod to measure the applied force. The transducer had a sensitivity of 122.1 mv/N and 
was rated linear from 0 to 90 Newtons, and from 1 to 50,000 Hz. It was hexagonal in 
shape and was 0.625 inch wide by 0.625 inch high. Twelve PCB model 336C04 
piezoelectriC accelerometers were fixed to the shell of each child seat to measure the 
motion response. The sensitivity values ranged from 94.3 to 100.8 (m/s2)N as checked 
by means of a PCB model 394B06 calibration source. The linear range of the PCB 
336C04 was ±SO g in amplitude and from 1 Hz (dependent on acceleration level) to 
2000 Hz. The accelerometers were hexagonal in shape with a width of 0.625 inch and a 
height of 0.56 inch. Accelerometer charge output was amplified by means of a PCB 
model 483A DC power rack run from the mains supply. 
Test signal generation, data acquisition and the experimental model analysis were 
performed using an LMS CADA-X revision 3.4 software system. The software was run 
on an HP model 715/64 workstation using a 24 channel Difa Systems SCADAS II front-
end electronics unit. The frontend unit contained the multiplexers, AID and D/A 
converters, conditioning circuits and a hardware DSP chip. Signal generation and data 
acquisition were performed using the Fourier Monitor [FMON] module while mode shape 
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vectors and loss factors were determined using the MODAL ANALYSIS module (LMS 
International 1999). Figure 4.4 presents a view of the test rig and associated hardware. 
Figure 4.4 Child seat modal analysis test rig and instrumentation. 
4.2.4 Measurement Points and Geometry Model 
Restrictions in the number of available accelerometers and amplifiers limited the number 
of measurement points on the child seats to twelve. A sensor layout was sought which 
would provide an accurate representation of the first torsional and the first bending 
modes using 12 channels. Table 4.1 and Figure 4.5 present the accelerometer layout 
established for the Mothercare child seat, the layout for the Britax seat being similar. The 
axis system was taken such that the vertical direction of the child seat was Z, the fore-
and-aft direction X and the lateral direction Y. Six accelerometers labeled n2, n3, n7, n8, 
n11 and n12 were placed along the inner surface of the seat with their measurement 
axis pointing in the direction normal to the surface. The accelerometers at positions n2 
and n3 pointed in the vertical direction Z while those at n7, n8, n11 and n12 pointed 
normal to the backrest section of the child seat which made an angle of 120 degrees 
with respect to the X axis (Le. reclined at 30 degrees with respect to the vertical) . Six 
accelerometers numbered n1 , n4, n5, n6, n9 and n10 were placed along the sides of the 
frame pointing normal to the surface in the lateral direction Y. Since a single-axis 
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accelerometer was used at each measurement point only one translational movement 
was measured per node rather than a full set of three. For nodes n1, n4, n5, n6, n9 and 
n10 only translations in the lateral (Y) direction were measured. Only vertical translations 
were measured for nodes n2 and n3, while n7, n8, n11 and n12 measured along an axis 
in the X-Z plane. The mode and deformation shapes presented therefore represent only 
deformations along the axis of the sensor, not a full 3 dimensional geometry . 
. 
I 
I~ 
1 01" 
Figure 4.5 Child seat geometry model. 
Mothereare Roek en' Go Britax Roek-A-Bve 
Measurement Point X (em) Y(em) Z (em) X (em) Y (em) Z (em) 
Shaker -18 5 -7.5 -21 6 -10.5 
n1 0 -14 3.3 -5 -13.25 4 
n2 0 -5 0 0 -9 0 
n3 0 5 0 0 9 0 
n4 0 14 3.3 -5 13.25 4 
n5 -17 -14 -3.5 -19.5 -12.9 -6 
n6 -17 14 -3.5 -19.5 12.9 -6 
n7 -25 -8 -3.8 -28 -5 -5 
n8 -25 8 -3.8 -28 5 -5 
n9 -40.2 -11.7 16 -35.5 -12 21 
n10 -40.2 11.7 16 -35.5 12 21 
n11 -48 -8 15.4 -47 -5 23 
n12 -48 8 15.4 -47 5 23 
Table 4.1 Node coordinates of the child seat geometry model in cm. 
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4.2.5 Test Configuration and Test Excitation 
As the modal analysis had the objective of establishing the dynamics of the child seats 
taken in isolation, and as no method of reproducing the impedance loading of a small 
child on the seat was identified (short of using an actual child but the necessary safety 
could not have been guaranteed), it was decided to test the empty devices suspended 
from elastic cords. The cords were arranged such that the seat remained with its bottom 
surface aligned horizontally, approximately as in the automobile. The seat was tested in 
full trim including covering and elastic straps. 
Transient force input from an impulse hammer was initially attempted for performing the 
modal analysis. This form of excitation had the advantage of being rapid and easy to 
apply. A less positive aspect is that the time, frequency and amplitude characteristics of 
the force are interrelated, thus the experimenter cannot individually control the 
parameters. The high crest factors involved tend to excite system nonlinearities (Brown 
and Carbon 1977, Halvorsen and Brown 1977) and the low total energy can lead to 
signal-to-noise problems, particularly with heavily damped structures. An impulse 
hammer approach was initially attempted for the child seats but was soon discarded. 
An LOS 501 electrodynamic shaker was used to produce 1 to 100 Hz band-limited 
Gaussian random force excitation to apply to the child seat. This excitation had the 
ability to measure the system response over a given frequency interval with a single test, 
thus reducing to a minimum the amount of time necessary for an analysis. Once random 
excitation was chosen a series of preliminary tests were performed to evaluate the 
achievable force levels at the input point (shaker), the resulting acceleration levels at the 
output measurement points (n1 to n12) and the amount of system nonlinearity. Since the 
shaker unit was large the necessary input forces were easily achieved. Preliminary 
inspection of the child seat frequency response functions showed that there were 
changes in some resonance frequencies with increasing levels of force, but that the 
movement of the resonance was not more than 1 Hz at excitation levels that were 
comparable to the vibration levels found in vehicles. Preliminary inspection of the 
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calculated mode shapes showed that there was also little qualitative change as a 
function of the input level. It was therefore decided to use only one force signal. chosen 
to have an amplitude which produced acceleration response levels at the output points 
of the child seat which were similar to those measured in automobiles. Table 4.2 below 
presents a summary of the input force signals used for each seat. The table provides the 
r.m.s. force levels at the input and the output acceleration levels produced at points n2 
in the vertical direction and n9 in the lateral direction. 
Mothereare Britax 
r.m.s. force level 6.68N 3.82 N 
r.m.s ace. level at n2 0.806 m/s2 0.341 m/s2 
r.m.s. ace. level at n9 0.071 m/s2 0.236 m/s2 
Table 4.2 Summary of the test Signals used. 
4.2.6 Results for the Mothercare Child Seat 
Since it is not convenient or informative to present all 12 measured frequency response 
functions for each seat only those relative to output locations n2 and n9 are presented. 
Additionally. all modulus curves indicate several resonances below 7 Hz which are not 
discussed further. These resonances were checked by visual inspection and found to be 
rigid body modes of the seat oscillating on the stinger rod and elastic cords. None were 
flexible body modes of the seat therefore they are not discussed further. 
Figure 4.6 presents the accelerance and coherence functions measured from the shaker 
input point to output accelerometers n2 and n9 for the Mothercare seat. Several 
resonances are evident in the frequency range below 100 Hz. occurring at 
approximately 35, 73 and 92 Hz. All accelerance function peaks indicate relatively high 
levels of damping. with -3 dB points that were often separated by more than 3 Hz. 
Application of the half power method (Ewins 1984. Maia and Silva 1997, He and Fu 
2001) to the resonances produced damping values which were in the range from 2 to 6 
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percent of critical. The high damping was assumed to be caused by the soft plastic 
material of the seat frame and the trim materials such as the polystyrene foam. 
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Figure 4.6 Accelerance and coherence functions from input to points n2 (left) 
and n9 (right) for the Mothercare seat. 
Figures 4.7 to 4.9 present the mode shape vectors for the Mothercare child seat. The 
deformations have been amplified for visual clarity and all vectors have been plotted to 
the same scale. The first mode of vibration was a torsional mode. This was to be 
expected since the child seat shell resembles an elongated open U-section, with a bend 
in the middle. Open sections provide little resistance to torsion. The second mode of the 
Mothercare seat was a lateral bending mode which produced the highest movements at 
the centre near the handle mounting points. The small amplitude of vibration associated 
with this mode (compared to the first and third) suggested that it consisted of mainly 
handle movement which induced movement of the seat frame through the hinges. The 
third mode of vibration produced again large amplitudes and was prinCipally an in-and-
out flapping movement of the side panels. 
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Figure 4.7 Mothercare child seat mode 1. 
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Figure 4.8 Mothercare child seat mode 2. 
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Figure 4.9 Mothercare child seat mode 3. 
4.2.7 Results for the Britax Child Seat 
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Figure 4.10 presents the accelerance functions from the force input to the points n2 and 
n9 for the Britax seat. Again, below 10 Hz there were a number of rigid body modes 
associated with movement of the child seat on the stinger rod and elastic cords, these 
are not discussed further. 
Comparison of the Britax frequency response functions to those from the Mothercare 
seat suggests important differences. A first difference was that there were eight flexible 
body modes of vibration in the frequency range from 0 to 100 Hz as opposed to the 
three of the Mothercare unit. The Britax seat was therefore a more challenging 
vibrational environment. A second difference was that the first flexible body mode of the 
seat was at the lower frequency of 17 Hz, confirming the subjective impression that the 
seat was softer and flexed more easily than the Mothercare unit. Inspection of any of the 
whole-body frequency weighting curves such as Wb suggests that vibration at a 
frequency as low as 17 Hz would be strongly perceived by a human occupant. A further 
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difference with respect to the Mothercare seat was the higher damping levels involved, 
the values being 2 to 8 percent critical. Finally, the accelerance modulus functions were 
generally higher than for the Mothercare seat, implying globally higher levels of vibration 
transmission. 
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Figure 4.10 Accelerance and coherence functions from input to points n2 (left) 
and n9 (right) for the Britax seat. 
Figures 4.11 through 4.14 present the mode shape vectors for the first four resonances 
of the Britax seat. The first two mode shapes consist of torsional movement of the frame, 
confirming again the weakness of the open U section currently used by all child seat 
designs. The third showed some torsion, but there was little movement of the frame 
generally. This resonance was inspected stroboscopically and found to be mainly 
movement of the handle. The fourth mode shape vector involved twisting and bending of 
the front part of the seat frame. Again, as with many resonances of the Britax seat, the 
handle was strongly vibrating at this frequency. All further mode shapes were impossible 
to resolve spatially given the 12 measurement accelerometers. Stroboscopic inspection 
was also unsuccessful in resolving the movements due to the small amplitudes involved. 
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Figure 4.11 Britax child seat mode 1. 
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Figure 4.12 Britax child seat mode 2. 
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Figure 4.13 Britax child seat mode 3. 
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Figure 4.14 Britax child seat mode 4. 
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4.2.8 Discussion 
Tables 4.3 and 4.4 summarise the experimental modal analysis results. Resonance 
frequencies, modal dampings and a verbal description of the mode shapes are provided. 
Question marks are used to indicate resonances for which the number of measurement 
accelerometers was insufficient to identify the movement due to spatial aliasing (Ewins 
1984, Maia and Silva 1997, He and Fu 2001). 
Mode Frequency Modal Damping Shape 
Number (Hz) (% critical) 
1 35.18 5.20 Frame first torsion mode 
2 74.05 1.96 Frame lateral bending 
3 92.70 2.77 Frame side flapping 
Table 4.3 Vibrational modes of the Mothercare seat in the range from 0 to 100 Hz. 
Mode Frequency Modal damping Shape 
Number (Hz) (%) 
1 17.05 7.29 Frame first torsion mode 
2 19.84 7.13 Handle mode with frame torsion 
3 26.32 9.86 Handle mode with frame torsion 
4 29.52 3.02 Front frame twisting and handle 
5 42.89 6.53 Side wings flapping 
6 71.79 6.98 Frame torsion mode? 
7 83.40 3.94 Frame torsion mode? 
8 97.24 4.99 Membrane bulging of back ? 
Table 4.4 Vibrational modes of the Britax seat in the range from 0 to 100 Hz. 
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It can be noted that both child seats had resonance frequencies in the range of human 
whole-body vibration comfort from 0.05 to 100 Hz. Current frequency weightings for 
vertical direction whole-body vibration such as Wb from national standard BS 6841 
(1987) or Wk from ISO 2631 (2001) suggest that humans are sensitive to vibrations in 
the range from 0.5 to 100 Hz. For example, the asymptotic approximation of frequency 
weighting Wb of BS 6841 gives a value of 1.0 (the maximum) for the frequency range 
from 5 to 16 Hz and a value of 16ff for the frequencies from 16 to 80 Hz. At 17 Hz this 
gives a weighting value of 0.94 which is high. The Mothercare seat with a first resonance 
frequency of 35 Hz is better suited to isolating the child from road vibrations since the 
Wb value at 35 Hz is 0.45, less than half. Having flexible body mechanical resonances of 
the child seat unit at such low frequencies makes the task of vibration control difficult 
since the surfaces in contact with the child can be amplifying the vibration arriving from 
the vehicle. It would therefore appear that the majority of the child restraint systems 
currently on the market are inappropriate vibrationally regardless of mounting system in 
the vehicle. 
A further interesting point is that the damping levels were found to be high for both child 
seats. From the results it would not seem efficient to attempt to improve the vibrational 
behaviour of the seats by applying damping treatments. The plastic and foam of the 
frame, together with the cloth and wadding of the trim materials, appear to be providing 
levels of damping similar to what can be achieved using constrained layer damping 
treatments (Beranek and Ver 1992). It would seem probable that any further design 
improvements would need to originate from redesign of the structural elements to 
improve both handle and frame stiffness, and to reduce the free play which currently 
permits impact dynamics at the handle hinges. 
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4.3 Child Seat Operational Deflection Shapes Analysis 
4.3.1 Operational Deflection Shapes Analysis (ODS) 
Modal analysis is normally performed on an object in the laboratory under controlled 
conditions using a reduced number of input excitations. Operational deflection 
shapes (ODS) analysis, on the other hand, normally involves identifying the response 
of a complete system during actual use. In operational deflection shapes analysis the 
measured quantities XR;(m) can be any forces and motions measured during a 
period of operation which represents either a specific mission (Giacomin, Steinwolf 
and Staszewski 2000) of the machine or a condition known to produce specific 
problems which are under investigation. 
In operational deflection shape analysis (also known as running modes analysis) 
each measured signal is first transformed to the frequency domain by means of 
Fourier analysis. Once in the frequency domain a specific frequency value can be 
chosen and the amplitude and phase values used to animate a geometry model of 
the system. If a specific resonance frequency is chosen for analysis, such animation 
permits the movement shape to be clarified in a similar fashion to stroboscopic 
methods. In a given power spectrum a resonance peak which is widely separated 
from neighbouring resonances will have an operational deflection shape vector [XR] 
which closely resembles the mode shape vector [Xt ] for the resonance. The reason 
is the low contribution, at that frequency, of other modes and resides due to the wide 
frequency separation. In such cases a running mode can be just as informative as a 
mode shape vector towards identifying the nature of the system response. 
Some points must be remembered when working with operational deflection shapes. 
If, for example, a test of a given system measured m input forces and N output 
displacements then the running mode [XR] could be described in terms of the mode 
shape vector [Xt ] by 
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[XRi (m p)] = [Hi) ((J)p)] F) (mp) + [Hi2 (mp )]F2 (mp) + ... [Him (mp)] Fm (mp) 
(4.7) 
where i indicates the degree of freedom, (J) p is the frequency of the resonance 
being investigated and Fj«(J)p) is the force input at degree of freedom j. The above 
expression demonstrates several considerations. Firstly, a running mode can be 
identified for any measured frequency (J) p of the system whereas a normal mode 
vector has a fixed natural frequency. This suggests that the individual performing the 
analysis must decide a set of criteria external to the operational deflection shapes 
algorithm for choosing the frequencies which will be considered running modes. 
Secondly, it can also be seen that running modes depend on the level and nature of 
the forces acting on the system since the input excitation and the system frequency 
response are mixed together when determining a running mode. Care must be taken 
during selection and interpretation of the running modes since nonuniform system 
excitation (such as road input) can lead to assigning importance to a deflection shape 
which was simply the response of the system to a peak in the external excitation 
spectrum. Finally, running modes depend on the structural characteristics of the 
system since the measured frequency response functions are in the expansion. This 
implies that a well-chosen running mode will produce a deflection shape which 
closely matches the mode shape vector of the system at that resonance frequency. 
4.3.2 Experiment 
In order to measure the dynamic behaviour of a child seat during operation in a 
vehicle an experiment was organised in which an automobile was driven over several 
road surfaces. The test automobile used was a 1990 Fiat Uno with 145/SR14 radial 
tyres. The vehicle had 156,797 km on the odometer, suspensions were efficient, 
tyres were also efficient and inflated at the factory recommended pressure. During all 
tests there were two adults in the vehicle: one driving and one sitting on the rear seat 
operating a data recorder. The driver was female, weighed 55.0 kg and was 1.58 m 
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in height. The person operating the data recorder was male, weighed 88 kg and was 
1.80 m in height. 
The child seat used was a second Mothercare Rock 'n' Go identical to the one on 
which the modal testing was performed. As with the modal analysis twelve PCB 
model 336C04 piezoelectric accelerometers were fixed to the shell of the seat to 
measure the motion response. The sensitivity values ranged from 94.3 to 100.8 
(m/s2)N. The linear range of the PCB 336C04 was ± 50 g in amplitude and from 1 Hz 
(dependent on acceleration level) to 2000 Hz. The accelerometers were hexagonal in 
shape with a width of 0.625 inch and a height of 0.56 inch. Accelerometer charge 
output was amplified by means of a PCB model 483A DC power rack run from an 
extemal24 volt batery (so as to avoid noise from the vehicle's electrical system). The 
data was recorded by means of a 16 channel Sony PC216A OAT tape recorder. The 
PC216 recorder had a maximum throughput capacity of 5 kHz in 16 channel mode 
and a maximum recording time of 180 minutes. 
A similar accelerometer layout to that used for the modal testing of the Mothercare 
Rock 'n' Go was adopted for the ODS tests. The vertical direction of the seat was 
taken to be Z, the fore-and-aft direction was labelled X and the lateral direction was 
labelled as Y. The origin of the reference system was fixed near the front edge along 
the centre-line of the seat midway between points n2 and n3. Six accelerometers 
were placed along the inner surface of the child seat with their measurement axis 
pointing in the direction normal to the surface. These accelerometers were labelled 
n2, n3, n7, n8, n10 and n11. The accelerometers at positions n2 and n3 pointed 
directly in the vertical direction Z while those at n7, n8, n10 and n11 pointed normal 
to the backrest section of the seat which made an angle of 120 degrees with respect 
to X axis (Le. reclined at 30 degrees with respect to the vertical). Six accelerometers 
were placed along the sides of the frame pointing normal to the interior surface in the 
lateral direction Y. These were numbered n1, n4, n5, n6, n9 and n12. The 
coordinates (in cm) of each measurement point are given in Table 4.5 while the wire-
frame representation of the geometry model is presented as Figure 4.15. 
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Mothercare Rock "n' Go 
Measurement Point X (cm) Y(cm) Z (cm) 
n1 0 -14.0 3.3 
n2 0 -S.O 0 
n3 0 S.O 0 
n4 0 14.0 3.3 
nS -17.0 -14.0 -3.S 
n6 -17.0 14.0 -3.S 
n7 -2S.0 -B.O -3.B 
nB -2S.0 B.O -3.B 
n9 -40.2 -11.7 16.0 
n10 -SO.O -B.O 1S.4 
n11 -SO.O B.O 1S.4 
n12 -40.2 11.7 16.0 
Table 4.5 Operational deflection shapes node coordinates in cm. 
J-, 
x 
Figure 4.15 Geometry model for the Mothercare Rock In' Go used for 
the operational deflection shapes analysis. 
As in the case of the modal analysis only one translational movement was measured 
at each node point rather than a full set of three. For nodes n1, n4, n5, n6, n9 and 
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n12 only translations in the lateral (Y) direction were measured while only vertical 
translations were measured for nodes n2 and n3. Nodes n7, n8, n10 and n11 
measured along an axis in the X-Z plane reclined backwards at 30 degrees with 
respect to the vertical. Figure 4.16 presents two views of the instrumented child 
restraint with the covering cloth removed. The accelerometer cables exiting the 
sensors were passed under the covering cloth and gathered outside the seat into a 
harness. Figure 4.17 presents two views of the complete set of equipment as 
installed in the vehicle. 
Figure 4.16 Two views of the Mothercare Rock "n' Go child seat after 
installation of the twelve measurement accelerometers. 
Figure 4.17 Two views of the Mothercare Rock "n' Go seat and the 
measurement equipment after installation in the vehicle. 
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Three loading conditions were tested. The first loading was provided by a female 
child whose name was Lucy. At the time of the tests she was 10.5 months old and 
had a mass of 8.2 kg. The second loading condition was a sandbag filled to the same 
mass value of 8.2 kg as the child. The third was a no-loading condition, meaning an 
empty seat. Comparison of the results from the three conditions was expected to 
provide an indication of the sensitivity of the child seat dynamics to the loading. 
Figure 4.18 Sand bag installed in seat and child installed in seat. 
The road surface chosen for performing the operational deflection shapes tests was 
the pave' (cobblestone) surface of Mary Street in Sheffield. It was chosen because of 
its ability to consistently generate significant amounts of random vibration at the floor 
of test vehicles for all frequencies up to 60 Hz (Giacomin 2000). Three runs were 
performed over the surface at 40 km/h for each loading condition. Each run provided 
approximately 20 seconds of data. 
Data acquisition was performed using the Sony PC216A OAT recorder in 5 kHz, 16 
channel, mode. Upon return to the laboratory the acceleration time histories were 
antialiase filtered at 250 Hz and sampled at 500 Hz using an LMS test and analysis 
system (LMS International 1999). Since the piezoelectric accelerometers were not 
accurate for frequencies below about 1.0 Hz all sampled acceleration data was high 
pass Butterworth filtered at 1 Hz with a 60 dB/oct slope. The acceleration was then 
single and double integrated by means of a Trapezium rule integrator so as to obtain 
velocity and displacement time histories for all twelve channels. All power spectral 
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densities and operational deflection shapes were determined using a block size of 
4096 points which for the 500 Hz sampling used lead to a spectral resolution of 0.122 
Hz. A 95% overlap was used which when applied to three runs with approximately 20 
seconds of data each lead to a total of 150 averages. 
Fourier analysis was performed using the LMS Time Data Processing software and 
the operational deflection shapes were determined using the LMS Running Modes 
software (LMS International 1999). All time histories, power spectral densities and 
deflection shapes were plotted using the LMS Plot Format Editor software. 
4.3.3 Results 
Figures 4.19 to 4.21 present the acceleration time histories measured for one run on 
Mary Street in each of the three loading conditions For ease of comparison all 
accelerations have been plotted to the same scale of ± 10 m/s2 (approximately 1 g). 
The time histories confirm that the vertical direction (see channels 2 and 3) is the axis 
of greatest vibration and that the Mary Street surface is not purely random in nature. 
The high amplitude events such as the peaks at 2, 6, and 13 seconds on channels 2 
and 3 of the child data confirm, along with the crest factor greater than 3.5, that the 
surface was not stationary. The Mary Street signal statistics actually place it in the 
category of Mildly Nonstationary road surfaces (Giacomin, Steinwolf and Staszewski 
2001). 
Figures 4.22 to 4.24 present the acceleration power spectral densities determined 
from the time histories. Inspection confirms that little if any vibrational energy was 
present in the child seat at frequencies greater than 60 Hz. An observation that can 
be made from the frequency domain data is that certain resonances are independent 
of the loading condition. For example, the vertical direction measurement channels 2 
and 3 systematically contain resonance peaks at frequencies of approximately 1.7, 
5.1, 6.6, 10.0, 21.2 and 30.0 Hz. From inspection it can also be noted that the 
resonances are not equally visible on all measurement channels. Whereas channels 
2 and 3 measuring vertical acceleration at the front of the seat are strongly excited by 
the 1.7 Hz resonance, that resonance is almost completely missing from the date of 
channels 1,4,5,6,9 and 12 measuring the lateral rr axis) acceleration. 
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Figure 4.19 Acceleration time histories measured for one run with Lucy. 
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Figure 4.20 Acceleration time histories measured for one run with the sandbag. 
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Figure 4.21 Acceleration time histories measured for one run with the empty seat. 
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Figure 4.22 Acceleration PSDs for the twelve measurement points during 
one run with Lucy on Mary Street. 
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Figure 4.23 Acceleration PSDs for the twelve measurement points during 
one run with the sand bag on Mary Street. 
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Figure 4.24 Acceleration PSDs for the twelve measurement points during 
one run with the empty seat on Mary Street. 
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Tables 4.6 to 4.8 present the root mean square, peak and crest factor statistics for 
each of the three loading conditions for measurement points 2 and 5. Point 2 was 
reported because it measured vertical vibration at the front of the child seat, thus it 
was sensitive to vertical input from the vehicle seat cushion and to any resonances 
involving vertical motion of the child. Grid point 2 was also directly under the legs of 
the child near the pressure points and thus one of the principle entry points of 
vibration into the body. Point 5 was chosen because it measured lateral vibration and 
because it was the closest pOint to the lower back of the child. From the power 
spectral densities of the twelve measurement channels it can be seen that all 
resonances identified as running modes were present on one or the other of these 
two channels (2 and 5). Table 4.6 contains the summary statistics of the measured 
accelerations, table 4.7 the velocities and table 4.8 the displacements. Given the 
nature of measurements performed using accelerometers the values in the tables are 
absolute movements of the seat as opposed to the relative movements of the child 
seat with respect to the vehicle. The magnitude of the displacement data confirms 
that the signals are relative to the movement over the road as opposed to the relative 
movements within the vehicle. An interesting point of note from the tables is that the 
levels are similar across the three very different loading conditions, particularly, and 
unexpectedly, between the test with the child (Lucy) and the test of the empty seat. 
Test r.m.s. Peak Crest Factor 
Sand Bag (n2) 2.307 10.15 4.40 
Lucy (n2) 2.621 10.30 3.93 
Empty Seat (n2) 3.073 12.78 4.16 
Sand Bag (n5) 1.002 4.073 4.06 
Lucy (n5) 1.370 7.494 5.47 
Empty Seat (n5) 1.480 5.896 3.98 
Table 4.6 Summary of the acceleration signals measured at point 2 
(vertical direction) and point 5 (lateral direction) on the pave' 
surface at 40 km/h. All values are in units of m/s2. 
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Test r.m.s. Peak Crest Factor 
Sand Bag (n2) 0.108 0.401 3.71 
Lucy (n2) 0.126 0.4663 3.70 
Empty Seat (n2) 0.101 0.252 2.49 
Sand Bag (n5) 0.02235 0.08621 3.86 
Lucy (n5) 0.01628 0.05618 3.45 
Empty Seat (n5) 0.01750 0.06978 3.99 
Table 4.7 Summary of the velocity signals measured at point 2 (vertical 
direction) and point 5 (lateral direction) on the pave' surface 
at 40 km/h. All values are in units of m/s. 
Test r.m.s. Peak Crest Factor 
Sand Bag (n2) 10.1 27.5 2.72 
Lucy (n2) 11.67 32.0 2.74 
Empty Seat (n2) 9.52 20.4 2.14 
Sand Bag (n5) 2.31 6.14 2.66 
Lucy (n5) 2.31 5.65 2.44 
Empty Seat (n5) 1.90 4.98 2.62 
Table 4.8 Summary of the displacement signals measured at point 2 
(vertical direction) and paint 5 (lateral direction) on the pave' 
surface at 40 km/h. All values are in units of mm. 
Figures 4.25 and 4.26 present the average power spectral densities determined for 
points 2 and 5 using all the data from all runs in the three loading conditions. Peaks 
are found at 1.7, 5.1, 6.6, 10.0, 21.2 and 30.0 Hz. The data for the empty seat was 
remarkably similar to the data measured with the child, with most major resonances 
being the same. A possible explanation is that the measurement points chosen for 
the study were more sensitive to the dynamics of the seat unit than to those of the 
coupled system of child and seat. For the lateral direction this explanation is quite 
plausible since, unless the child is quite large, children do not actually touch the side 
panels of the seats unless they are leaning against them during a movement. This is 
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evident from visual inspection of seats in use. Also, for the tests described in this 
chapter, the sandbag was large enough to fit snugly into the Mothercare seat 
suggesting force exchange in the lateral direction. The contact, or lack of contact, 
might explain the similarity between the child and empty results and the differences 
between both of these sets and the data from the sandbag (particularly above 25 
Hz). While in the lateral direction the dynamics of the child body may not playa large 
role given the low input levels present, the similarity between the child and empty 
loading results is remarkable in the vertical direction where child body dynamics have 
been shown (chapter 3) to be important and where input levels are high. This single 
result, more than any other, suggests that measurements of acceleration performed 
on child seat frames actually measure mostly the frame response. The data sets also 
suggest decoupling of child and seat frame at frequencies above the body resonance 
of the child. This can be seen in the vertical direction acceleration of measurement 
point n2 where the child and empty seat curves can be seen to separate starting from 
approximately 10Hz. A further feature of all the data sets which is of particular 
interest is the similarity of response at 1.7 Hz. 
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Figure 4.25 Power spectral densities calculated using all time data from 
the tests with child , sand bag and the empty seat on Mary 
Street at 40 km/h. Measurement point n2. 
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Figure 4.26 Power spectral densities calculated using all time data from 
the tests with child, sand bag and the empty child seat on 
Mary Street at 40 km/h. Measurement point n5. 
Figures 4.27 through 4.29 present the running modes determined for the three 
loading conditions. The choice of which frequencies should be considered running 
modes was made according to the following three criteria: 
• the energy of the specific frequency line should be nonzero 
• the frequency line in question should be characterised by a clearly discernable 
peak in the spectrum of the majority of the 12 measurement channels 
• within an interval of ±2 Hz the frequency peak in question should be present in 
the power spectral densities of two of the three loading conditions tested . 
Applying the above criteria, 6 running modes were identified for the test with the child 
occupying the seat while 8 running modes were found for each of the other two 
loading conditions. The frequencies 1.7,5.1,6.6, 10.9,21.7,30.0 Hz were found to 
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be running modes of all three conditions while the frequencies 18.3 and 24.1 Hz were 
only present in the running modes of the sand bag and empty seat tests. 
Several observations can be made regarding the deflection shapes. The first is that 
the 1.7 Hz resonance was a rigid body movement of the child seat in the vertical 
direction due to lack of coupling with the vehicle. Insufficient tension in the vehicle 
safety belts permits the child seat to produce large movements, and perhaps even 
bounce, on the vehicle seat cushion. The operational deflection shape indicates that 
while most of the movement is vertical, there is also a rotational component to the 
motion with instantaneous centre of rotation near to point of connection between the 
child seat and the vehicle safety belt. 
A second observation is that the running modes determined at 24.1 and 30 Hz are 
manifestations of the first torsion mode of the seat frame, found at 35.18 Hz in the 
modal analysis of the freely suspended seat. The peak response frequency is lower 
than the resonance frequency found during the modal analysis for the same type of 
seat. There are several possible explanations for this but the most probable is that 
the running mode peaks were identified at 24.1 and 30 Hz rather than 35.18 because 
there was more energy present in the road input signal at those frequencies. A third 
observation is that the running mode at 18.3 Hz appeared to be the operational 
manifestation of the 20.46 Hz handle mode determined from the modal analysis of 
the Rock "n' Go. Installation in the vehicle environment modified the frequency at 
which the motion most strongly manifested itself but comparison of the running mode 
to the normal mode suggests that the underlying dynamics are the same. 
While more difficult to interpret than the operational deflection shapes discussed 
above, the running modes at 5.1, 6.6 and 10.9 Hz all involved a large amount of 
lateral movement and some amount of rotation about the for-aft axis of the child seat. 
The 5.1 Hz running mode appears to be a side-to-side rocking motion of the child 
seat over the cushion of the vehicle seat. While also possibly a rocking movement, 
the 6.6 Hz running mode contains more lateral than rotational movement, thus could 
perhaps better be described as side-to-side translation. The 10.9 Hz running mode 
was more complex to interpret and varied more in spatial distribution across the three 
loading conditions. From the animation sequences it was not clearly a rigid body 
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motion nor a flexible body motion. The behaviour at 10.9 Hz could not be resolved by 
means of the data measured. 
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Figure 4.27 Running Modes of the Mothercare Rock on' Go on Mary 
Street when occupied by the child. 
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Figure 4.28 Running Modes of the Mothercare Rock In' Go on Mary Street 
when occupied by the sand bag. 
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Figure 4.29 Running Modes of the Mothercare Rock 'n' Go on 
Mary Street when empty. 
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4.3.4 Discussion 
Comparison of the vibration levels and of the power spectral densities for the three 
loadings suggests that the use of sandbags will not produce accurate vibration data 
for child seats. The sandbag mass produced higher vibrational levels and different 
resonant behaviour than the child-loaded seat. The results of this investigation would 
support the claim that testing of an empty child seat is actually more similar to the 
child-loaded condition than is achieved by means of sandbag mass loadings in terms 
of the frequency domain behaviour and the operational deflection shapes. 
The operational deflection shape analysis clarified the nature of the low frequency 
resonance. The analysis of the 1.7 Hz resonance of the Mothercare Rock 'n' Go child 
seat clearly established that the movement was a vertical rigid body motion of the 
child restraint. Such motion is a consequence of the lack of coupling with the vehicle 
due to the low tension applied by the vehicle safety belt. While difficult to avoid with 
belt-fastened systems, some amount of control over this movement may be possible 
by means of belt tensioners or fixed anchors such as those of the ISOFIX (Bell, 
Burleigh and Czemakowski 1994) or LATCH (HTSA 2001) systems. A further point is 
that there was a rotational component which had an instantaneous centre of rotation 
near to the point of connection between the child seat and the vehicle safety belt, not 
at the point of contact between the child seat and the vehicle backrest cushion. 
The operational deflection shape analysis also clarified that the 24.1 and 30 Hz 
resonances were manifestations of the first torsional mode of the seat frame found at 
35.18 Hz in the modal analysis of the freely suspended unit. The running mode 
results confirmed the hypothesis that large transmissibility values occur in practice at 
the resonance frequencies of the child seat subsystem. It can be hypothesised that 
such resonances would lead to a degradation of child comfort. Significant changes in 
frame stiffness would be expected to be required to improve this situation. The 
analysis also highlighted the need for attention to detail in child seat design, as 
evidenced by the 18.3 Hz running mode. This movement was vibration of the handle 
due to lack of mechanical coupling (free play in the hinge, lack of end-of-travellock) 
with the child seat frame when the handle was down in the travelling position. Such 
movement could be easily eliminated by means of small design changes to the hinge 
mechanism such that its free movement is limited when not in use. 
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Having investigated the vibration properties of children and of child seat units 
individually, it was considered useful to perform field evaluations of the combined 
workings of the system composed of child, child seat and vehicle seat. The coupling 
of the three dynamic systems had the potential to introduce new dynamics which had 
not yet been identified. Additionally, it was considered important to widen the 
investigation by performing vibration measurements for several combinations of 
child, child seat and vehicle. In order to acquire realistic data it was decided to 
perform the experiments by driving over road surfaces. The measurement method 
chosen was acceleration transmissibility from a convenient input point on the floor of 
the test vehicle to the interface between the child and child seat. As in most previous 
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experiments described in this thesis the vertical direction was chosen for 
investigation as it represents the dominant vibrational axis in road vehicles. 
A preliminary investigation was performed for two children in two seats in one vehicle 
in order to establish the instrumentation, the amplification settings and the dynamics 
of the in-vehicle environment. This investigation confirmed several findings from 
previous chapters regarding the child and child seat. Once sensors and methods had 
been perfected a survey was performed in which 8 combinations of child, child seat, 
and vehicle were tested. Ethical and safety considerations suggested that all tests be 
performed in the vehicles owned by the parents with the parents driving, thus 
reproducing a normal driving situation of the family involved. The test equipment and 
protocol was therefore developed to permit the investigator to enter the vehicle and 
establish the test arrangement within a few minutes. Once a family had arrived at the 
test road, all preparatory and testing activities could be performed within 10-15 
minutes thus maximising safety and convenience for the families involved. 
This chapter describes both the preliminary testing and the 8 system survey. The role 
of the material is to complete the understanding of child seat behaviour by providing 
an overview of the in-vehicle vibration transmission properties. The material helps to 
clarify the operational response characteristics of child seats and to quantify the level 
of vibration isolation offered by current systems. 
5.2 Preliminary Investigation 
5.2.1 Experiment 
A search for suitable road surfaces in the city of Sheffield was performed following 
the testing practices of a major European automobile manufacturer (Giacomin and 
Lo Faso 1993). During the search a number of roads were evaluated in terms of two 
selection criteria: (1) the vibration intenSity produced within the vehicle must be 
sufficiently strong to produce noticeable disturbance to passengers and (2) the road 
surface must carry low traffic volumes, at least at specific times of the day, so as to 
provide a safe testing environment. Two surfaces were selected, a speedbump 
(Rampton Road) and a pave' surface (Mary Street) which are shown in Figure 5.1. 
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The speedbump provided a low frequency and high amplitude transient input to the 
vehicle while the pave' (cobblestone) surface was selected to provide broadband 
random excitation to the vehicle. Preliminary tests on Mary street showed that the 
surface provided significant amounts of vibrational energy at the base of the vehicle 
seats for all frequencies up to 60 Hz. Vibrational energy was therefore provided over 
a significant portion of the frequency range associated with human whole-body 
vibration. 
Figure 5.1 Surfaces used for the preliminary in-vehicle tests. 
a) speedbump surface (Rampton Road) 
b) pave' surface (Mary Street) 
Figure 5.2 Children and child seats of the preliminary in-vehicle tests. 
a) George in a seat manufactured by Tomy 
b) Anna in a seat manufactured by Kwik-Fit. 
The vehicle speeds selected for use were 20 km/h when driving over the speed bump 
and 40 km/h over the pave' surface. The choice of speeds was based again on the 
conditions used by European vehicle manufacturers when performing vibrational 
comfort investigations of whole vehicles or of only seats (Giacomin and Bracco 
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1995). The test automobile was a Rover 214 SLI with 175/SR14 radial tyres. The 
vehicle had 114,276 km on the odometer, suspensions were efficient, tyres were 
also efficient and inflated at the factory recommended pressure. 
Two adults were seated in the vehicle during all tests, one driving and one in the rear 
operating an analogue tape recorder. The driver was female, weighed 62.3 kg and 
was 1.68 m in height. The passenger running the recorder was male, weighed 88 kg 
and was 1.80 m in height. During all tests there were also two children in the vehicle 
occupying two child safety seats (Figure 5.2). One child was George, who is male, 
and at the time of the tests was 74 cm in height, weighed 8.6 kg and was 7 months 
old. The second child was Anna who was 81 cm in height, weighed 9.9 kg and was 
28 months old. George occupied a stage 0&1 seat manufactured by Tomy which was 
placed on the front passenger seat facing rearwards. Anna occupied a stage 1 seat 
manufactured by Kwik-Fit which was placed in the middle of the rear passenger seat 
facing forwards. Both seats were fixed to the vehicle using the automobile's belts as 
instructed by the accompanying documentation. Neither child seat was new, both 
had been used for several months prior to testing. 
... Floor of Driver"s Seat 
Front 
Floor of Passenger's Seat 
Rear Seat 
[] .... . . . . ••••• . . . .. . ..... 
Rear 
Child Sea 
• accelerometer location 
Figure 5.3 Seating arrangement and accelerometer measurement points. 
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Five PCB model 336C04 accelerometers were used as shown in Figure 5.3 . The 
sensitivity values ranged from 97 to 102 (m/s2}N as checked using a PCB model 
394B06 calibration source. The useful amplitude range of the sensor was ± 50 g 
while the useful frequency range was from approximately 1 Hz to 2000 Hz. All 
accelerometers were oriented so as to measure the acceleration in approximately 
the vertical direction since that is the axis of greatest vibration in road vehicles 
(Pottinger and Yager 1986). The choice of mounting points to use as the vibration 
input to the seat was based on previous research performed for automobile seats 
(Giacomin , Giuliano and Giai Merlera 1994). For each front seat an accelerometer 
was mounted on the floor of the vehicle next to the rear mounting bolt of the outer 
guide a shown in Figure 5.4. These accelerometers were held to the floor by means 
of accelerometer wax since it guarantees adequate dynamic coupling to frequencies 
in excess of 2000 Hz. No accelerometer was placed under the rear seat since no 
information was available in the literature which established a reference point for the 
floor panel. 
Figure 5.4 Front seat input accelerometer on the floor of the vehicle at the guide. 
The vibration input to the driver was measured using a sit-bar (Griffin 1990) as 
shown in Figure 5.5. The sit-bar was constructed of aluminium and was 300 mm 
long, 180 mm wide and 18 mm thick and contained a centre-mounted accelerometer. 
The measurement of vibration at the interface between the child seat and child 
posed a problem since no measurement devices existed in the literature. For the 
preliminary investigation an aluminium child-bar was designed and built for use in the 
same manner as the sit-bar for adults. The child-bar (Figure 5.6) was 50 mm in 
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diameter and 15 mm in height and was manufactured from aluminium alloy. 
Simplified calculations suggested that the first resonance frequency of the sit-bar 
shell was in excess of 300 Hz. The weight of the child-bar shell was 38 grams, which 
became 44 grams when the PCB model 336C04 accelerometer was installed and 47 
grams when measured with the micro dot cable connected and supported to one 
side. One child-bar was placed under the buttock region of each of the two children. 
Figure 5.5 Sit-bar used at the interface between seat and driver. 
a) Sit-bar viewed from top 
b) Sit-bar viewed from bottom with accelerometer removed 
Figure 5.6 Child bar used at the interface between child seat and child. 
a) Child-bar and connector cable. 
b) View of the accelerometer inside the child-bar. 
Charge amplification for all accelerometers was accomplished by means of each 
accelerometer's internal ICP circuit and an external 12 channel PCB model 483A DC 
power rack. The voltage signals from the accelerometers were recorded by means of 
a Kyowa RTP 610 analogue cassette data recorder which was located on the back 
seat of the automobile. Both the power rack and the tape recorder were run from an 
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independent 24V battery source so as to minimise noise from the automobile's 
electronic systems. 
Five runs over the pave' surface (which produced approximately 20 seconds of 
vibration for each run) were performed at the fixed speed of 40 km/h and 7 passes 
over the speedbump were made at 20 km/h. The speed was controlled by the driver 
using the vehicle's instrumentation but some variation was unavoidable, particularly 
during impact with the speedbump. Data analysis was performed in the laboratory 
using the time data processing software of the LMS CADA-X revision 3.4 system. 
The LMS software was run on an HP model 715/64 workstation and 24 channel Difa 
Systems SCADAS II front-end was used. All acceleration signals were sampled from 
the recorder at 256 Hz and a low pass filter was applied which had a 120 Hz cut-off 
frequency. All plots of results were generated using the LMS Plot Format Editor. 
5.2.2 Results 
Figure 5.7 presents the acceleration time histories measured for one pass over the 
speedbump. All signals have high frequency components except the interface 
between the driver's seat and driver, which benefited from Significant amounts of 
vibration isolation. For all test runs the interface between driver's seat and driver was 
the measurement channel which had the lowest overall acceleration level. The 
accelerations at the child interfaces were found to be higher in level, and contained 
more high frequency vibrational energy than at the driver interface. In addition, for 
the child in the front seat where a comparison could be made, the vibration level was 
everywhere as high or higher at the child than at the floor of the vehicle. 
Figure 5.8 presents an acceleration time history obtained for the pave' surface by 
adding, front to back, the data from three individual runs. The lowest acceleration 
levels were again consistently found at the interface between the driver and the 
driver's seat. Direct comparison of the time histories suggests that the system 
composed of vehicle seat and driver provided better vibration isolation than the 
system composed of child seat and child in the vehicle tested. Tables 5.1 and 5.2 
summarise the acceleration data measured for all channels. 
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Figure 5.7 Time histories for one pass over the speedbump surface at 20 km/h. 
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Figure 5.8 Time histories from three passes over the pave' surface at 40 km/h. 
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Minimum Maximum RMS Crest Factor 
value value value 
Driver seat guide -0.345 0.267 0.112 2.73 
Driver/seat interface -0.397 0.339 0.126 2.92 
Passenger seat guide -0.333 0.278 0.116 2.64 
Front child seat -0.346 0.299 0.115 2.79 
Rear child seat -0.452 0.396 0.158 2.69 
Table 5.1 Summary of the acceleration data measured on the speedbump 
surface at 20 km/h for a 2.5 second data window. All values in g's. 
Minimum Maximum RMS Crest Factor 
value value value 
Driver seat guide -.648 .855 .165 4.55 
Driver/seat interface -.498 .497 .122 4.07 
Passenger seat guide -.849 .850 .177 4.79 
Front child seat -.827 .825 .168 4.93 
Rear child seat -.634 1.025 .153 5.42 
Table 5.2 Summary of the acceleration signals measured on the pave' 
surface at 40 km/h. All values in g's. 
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Figure 5.9 presents the power spectral densities determined from the acceleration 
data measured at the guide of the driver's seat and of the front passenger seat while 
driving over the pave' surface. The two spectral densities are similar but present 
small differences because the road inputs and the vehicle itself present asymmetries. 
The power spectral densities suggest that there was significant vibrational energy up 
to 60 Hz and that the energy level associated with each frequency line was mostly 
within one order of magnitude up to 45 Hz. These characteristics suggest that the 
vibration input to the seats was adequate to measure vibrational phenomena up to at 
least 45 Hz and possibly 60 Hz in frequency. 
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Figure 5.10 Acceleration power spectral densities at the interface between each 
vehicle occupant and their respective seat, determined from the data 
of the pave' surface. 
Figure 5.10 presents the power spectral density of the acceleration signals measured 
at the interfaces between the human occupants and their seats for the pave' surface. 
As with the time histories, the frequency domain comparisons suggest that the 
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coupled system consisting of the driver and vehicle seat provided better isolation 
from road inputs than was the case for the children in the child seats. Both children 
were exposed to higher vibration levels than the driver, particularly at frequencies 
greater than 15 Hz. 
Several interesting features were present in the data. One feature was the high level 
of vibration to which the child in the front seat (George) was exposed at frequencies 
greater than 10Hz. The levels experienced by the child in the front seat were often 
more than two orders of magnitude greater than that experienced by the driver at the 
same frequency. A second interesting feature was the large resonance at 1.8 Hz 
experienced by the child in the rear seat (Anna), suggesting child seat rigid body 
motion of the type found in the operational deflection shapes analysis. 
Floor 10 driver 
Floor 10 child in front seal 
~ 10 l~ 20 2~ 
Frequency (Hz) 
Figure 5.11 Acceleration transmissibility calculated from the floor to the driver, and 
from the floor to the child in the front seat, for the pave' test surface. 
Chapter 5 - Transmissibility Properties of Child Seat Installations 182 
Figure 5.11 presents the vertical acceleration transmissibility functions (ATFs) from 
the floor of the automobile to the interface at the driver and to the interface at the 
child in the front seat (George). Due to the presence of energy in all 6 vibrational 
degrees of freedom in vehicles the transmissibility functions were evaluated using all 
three spectral estimators (H1, H2 and Hv) in order to check for differences. Only small 
differences less than 5 percent were found at any given frequency line using the 
three methods therefore the Hv estimator was used for all data presented in this 
chapter. 
The transmissibility functions for the driver's seat and for the front child seat permit 
several observations. The first is that the driver's seat provided attenuation in line 
with data available in the general literature (Griffin 1990). Vibration attenuation of 75 
percent or more was found for all frequencies above 22 Hz. Attenuation was also 
strong at lower frequencies with the exception of the two whole-body resonance 
frequencies of the adult human body. Transmissibility was greater than 1 
(amplification) only at the two body resonances at approximately 4.5 and 12 Hz. 
A second observation is that the system composed of front passenger seat, child 
seat and child (George) behaved very differently from the driver/seat system. The 
vibration was amplified at most frequencies in the range from 0 to 60 Hz. Peak 
transmissibilities in excess of 4.0 were found. The only frequency range for which the 
child restraint system was found to provide better isolation than the adult seat system 
was in the neighbourhood of the main resonance frequency of the adult human body 
at 4.5 Hz. The resonance found in the data at 7 Hz can be attributed to the body of 
the child and confirms the higher resonance frequencies found for children with 
respect to adults. The high transmissibility values in the interval from 20 to 60 Hz 
suggested dynamics of the child seat frame since only the frame was found in 
previous chapters to have resonances at those frequencies. 
As a final comment regarding the transmissibility data the associated coherence 
functions were high, and thus provided confidence regarding the results. The 
coherence was greater than 0.94 in the region from 1 to 15 Hz and mostly in the 
neighbourhood of 0.7 for frequencies from 15 to 55 Hz. These values are to be 
considered good for road testing results in vehicles (Giacomin and LoFaso 1993). 
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5.2.3 Discussion 
Several elements emerged from the preliminary study. The first was that the vibration 
isolation of the coupled system defined by the car seat, the child seat and the child 
was less effective than that of the automobile seat and driver in reducing the level of 
vibration. The calculated transmissibility functions showed that amplification of floor 
vibration was more than 400 percent at many frequencies in the interval from 0 to 60 
Hz. A second point to emerge was that the child in the front seat (George) appeared 
to have a first resonance frequency at approximately 7 Hz, similar to that found for 
other children of his age in the child vibration study of this thesis. The presence of 
the body resonance in the transmissibility data confirmed the importance of 
considering the vibration characteristics of the child when analysing the coupled 
system. Additionally, as with the data for the driver, the child resonance response 
was found to be one of the largest peaks in the transmissibility curve. 
A third point to emerge from the preliminary study was that the system composed of 
the automobile seat, child seat and child showed behaviours not typically found for 
the adult driver. The low frequency resonance condition of the child in the rear seat 
(Anna) suggested that there may have been problems due to a lack of coupling 
between the child restraint and the vehicle. The result appeared to confirm the rigid 
body motion identified in the operational deflection shapes analysis. Additionally, the 
high frequency amplification measured in the front child seat (George) in the interval 
from 20 to 60 Hz suggested that the child restraint frame structure played an 
important role vibrationally at the higher frequencies. The most probable cause of the 
high transmissibility values was a resonant response of the child seat frame. 
Additionally, the lack of soft interface material (for example foam padding) between 
the seat frame and child may have rendered the frame movement more evident in 
the measurement. 
5.3 Vibration Survey 
5.3.1 Introduction 
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The vibration measurements performed for two stage 0&1 seats in a vehicle while 
driving over two road surfaces were sufficient to highlight potential differences 
between child seats and adult passenger seats but not sufficiently representative to 
generalise the findings. A second study was therefore performed for the purpose of 
extending the statistical base of observation. As in the first investigation the 
vibrations measured at the interface between child seat and child were compared to 
those at the interface between the driver and the automobile primary seating system. 
In the vibrational survey 8 combinations of automobile, child seat and child were 
tested. 
Safety and realism again suggested that road testing, as opposed to laboratory 
testing, would be the best approach for the study. In this investigation, however, the 
tests were limited to only the pave' (cobblestone) road surface of Mary Street. The 
random vibration signals generated by the pave' surface had proved the most 
repeatable and informative of the previous exercise therefore the decision was taken 
to limit the survey to that surface only. 
5.3.2 Experiment 
The intention to test several children meant involving several families. Working with 
such volunteers suggested that the testing time should be kept to a minimum so as 
to make the experience as quick and as pleasant as possible for the families. 
Working to strict time limits meant that a means of verifying, on-location, the quality 
of the acquired vibration data was required. Additionally, working with numerous and 
unfamiliar children meant that the equipment must be rugged and robust to support 
any possible treatment from children attempting to play with the equipment. These 
considerations resulted in a market survey of dual-channel FFT analysers which 
were hardened for field use, programmable, battery powered and equipped with a 
large amount of internal memory. After a lengthy survey a purchase was made of a 
Larson Davis Model 29008 dual channel spectrum analyser (Larson Davis 
Laboratories 1998). The 29008 performs dual channel FFT analysis with up to 400 
frequency lines with an analysis range from 0 to a maximum of 20 kHz. The 2900B 
can run for up to 4 hours using its internal battery pack, which was more than 
sufficient for the planned road tests. Two Larson Davis model PRA950B power tubes 
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were also purchased for connection to the 2900B to provide the 2mA current 
required by the internal preamplifiers of the PCB accelerometers. 
The other equipment used for the vibration survey consisted of three PCB model 
336C04 ICP accelerometers and two accelerometer pads for human whole-body 
vibration testing. The accelerometer pads were used in substitution to the aluminium 
bars of the first road investigation because of their lighter weight and smaller size. 
One accelerometer pad was manufactured in the Mechanical Engineering Workshop 
to the specifications of SAE standard J1013 (Society of Automotive Engineers 1974) 
and was used for measuring the vibration at the driver's seat cushion. The SAE pad 
is a well known device used in vehicle comfort testing, thus guaranteeing 
compatibility with seat measurements performed by other researchers. 
For performing acceleration measurements at the interface between child and child 
restraint system, however, no device was identified from the literature. A child pad 
was therefore designed and built by scaling the dimensions of the SAE pad to values 
appropriate for use with children of the age and weight group associated with stage 
0&1 seats. Since the average inter ischial tuberosity distance for a 12 month old child 
is no more than 141 mm (Tilley 1993, Society of Automotive Engineers 1977) the 
outer diameter of the child pad was chosen to be 150 mm and the material was 
chosen to be 80 shore in hardness as in the case of the adult SAE pad J1013. The 
geometric dimensions of the child pad are shown in Figures 5.12 and 5.13. The 
weight of the pad was 224 grams, which increased to 230 when the PCB 336C04 
accelerometer was installed. The device was fixed to a vibrating surface and found to 
measure the vibration without resonant amplification to frequencies in excess of 100 
Hz. 
One PCB model 336C04 ICP accelerometer was used to measure the input vibration 
at the base of the seat (either driver'S seat or front passenger seat depending on the 
test). A second accelerometer was mounted inside the SAE J1013 pad for use in 
measuring the accelerations at the interface between the driver and driver's seat. A 
third accelerometer was mounted inside the child-pad to measure the acceleration at 
the interface between child restraint system and child. 
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Figure 5.12 Child-pad used for measuring vibration at the interface 
between child and child seat. 
Figure 5.13 Equipment used for the vibration survey_ 
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Each test vehicle was instrumented following to the accelerometer layout shown in 
Figure 5.14. An accelerometer was placed on the floor of either the driver's or the 
front passenger's seat by means of wax and was aligned as closely as possible to 
measure in the vertical direction. The floor accelerometer was placed next to the rear 
bolt of the outermost rail of the seat guide in question. The SAE pad was next 
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installed under the ischial tuberosities of the driver (the test participant) and the child 
pad was installed under the ischial tuberosities of the child. 
r 
Figure 5.14 a) Accelerometer layout used for the driver's seat 
b) Accelerometer layout used for the child seat 
The road used was the pave' surface of Mary Street in Sheffield. It is straight and flat 
for 200 meters and the cobblestones furnish significant vibrational energy at the seat 
guides of vehicles for frequencies up to 60 Hz. Figure 5.15 below presents an 
example of the acceleration power spectral densities measured at the seat guides in 
the vertical direction during one run over the pave' surface at 40 km/h performed as 
part of the vibration survey. 
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Figure 5.15 Vertical acceleration power spectral density measured at the 
seat guides during one run over Mary Street at 40 km/h. 
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Eight combinations of automobile, child seat and child were tested. Each 
participating family arrived at the test road with their own vehicle, their child seat and 
their child. All seats were belt-fastened stage 0&1 designs. Each restraint was 
installed on the front passenger seat using the vehicle safety belts and following the 
product instructions. Each volunteer was given a participation form to read and sign 
before testing. Data was then gathered regarding the characteristics of the test 
participants, their child and the vehicle. The data is summarised in Table 5.3 below. 
Test 1 Test 2 Test 3 Test 4 TestS Test 6 Test 7 TestS 
Driver 
Sex (M/F) M M M M M F F F 
Age (years) 29 28 35 35 42 29 40 37 
Height (m) 1.81 1.86 1.90 1.90 1.82 1.65 1.65 1.65 
Mass (kg) 70.0 72.0 77.6 77.6 78.0 55.0 50.8 95.0 
Child 
Sex (M/F) M M M F F M M M 
Age (months) 8 8 9 24 30 10 36 9 
Height (m) 0.68 0.60 0.65 0.85 
-
0.70 0.91 0.70 
Weight (kg) 7.5 7.2 10.0 14.5 13.0 12.0 13.6 8.0 
Seat 
-
Maxi Britax Britax Mother-
-
Britax Klippan 
Manufacturer care 
Use (months) 15 10 10 18 24 10 24 9 
Vehicle 
Model Volks 50 Vauxhall Mazda Mazda Volvo 940 Honda Vauxhall Mitsubishi 
(1983) Corsa 62650 62650 50 Civic 3D Corsa Space 
3D (1999) (1999) 3D Wagon 
(1996) 
Tyres Michelin 
-
Bridge- Bridge- Goodyear Centaur Michelin Indian 
175170 stone stone 185/65 175170 145/80 GT70 
R13 185/65 185/65 R19 R13 R13 185170 
R15 R15 R14 
Odometer (Ian) 195,691 157,281 15,438 15,438 199,232 72,362 51,983 158,633 
Table 5.3 Characteristics of the drivers, children and vehicles 
constituting the in-vehicle child seat vibration survey. 
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After installing the test instrumentation in the vehicle a series of runs were performed 
over the road surface. For each run the participant drove his or her vehicle 
maintaining the target speed by means of the vehicle's speedometer. The equipment 
operator sat in the rear of the vehicle using the 29008 and noting conditions. For the 
40 km/h tests the spectrum analyser was set to perform an 18 second acquisition 
from trigger, while for the 20 km/h tests the acquisition time was set at 30 seconds. 
Since the analyser was a dual channel device the data for the driver (seat guide and 
SAE pad) and the child (seat guide and child pad) had to be acquired from separate 
runs over the surface. 16 runs were performed in total, 4 for each seat (driver's or 
child's) at each test speed (20 or 40 km/h). 
The acceleration time histories were sampled at a rate of 400 Hz. Fourier analysis 
was performed using an FFT block size of 1024 points and a Hanning window. The 
combination of a 1024 point block size and 400 Hz sampling rate gave a total time 
window of 2.56 seconds and thus a spectral resolution of 0.391 Hz. All frequency 
domain results were saved as power spectral densities in units of m2/s3 and were 
downloaded from the analyser to a PC upon return to the laboratory. 
5.3.3 Results 
Figures 5.16 and 5.17 present the r.m.s. acceleration levels recorded at all four 
measurement points for all eight tests at 20 km/h and at 40 km/h. The levels 
measured at the child seat were higher than those measured at the driver'S seat in 
all cases. Additionally, the vibration attenuation from floor to human occupant was 
lower for the child than for the driver in all cases. At 20 km/h tests 1 and 8 showed 
accelerations in the child seat which were nearly identical to those on the floor of the 
vehicle, confirming the findings of the preliminary tests. The 40 km/h tests, which 
produced higher vibration frequencies due to the increase in vehicle speed, still 
showed only a small reduction in vibration in the child seat for tests 1 and 8. 
Table 5.4 summarises the average levels measured across the test ensemble. The 
ratio of the acceleration arriving at the human occupant to the acceleration present at 
the seat guide was 64% in the case of the driver and 80% in the case of the child for 
the 20 km/h tests. The same ratio was 59% for the driver and 74% for the child at 40 
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km/h. These results confirm the reduced effectiveness of the child seat system with 
respect to the vehicle primary seating. 
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Figure 5.16 r.m.s. acceleration level at each measurement point for each 
of the eight in-vehicle tests performed at 20 km/h. 
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Figure 5.17 r.m.s. acceleration level at each measurement point for each 
of the eight in-vehicle tests performed at 40 km/h. 
20 km/h Tests 40 km/h Tests 
Average Value Std. Average Value Std. 
Driver's Seat 1.07 0.18 1.41 0.27 
Driver's Seat Guide 1.66 0.31 2.40 0.36 
Child Seat's Guide 1.80 0.39 2.50 0.40 
Child Seat 1.44 0.28 1.86 0.34 
Table 5.4 Average and standard deviation of the r.m.s. acceleration 
levels determined from all tests. Units are m/s2 . 
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Figure 5.18 presents the average power spectral densities determined for the human 
interfaces for all eight tests. Comparison of the two sets of results suggests that the 
child seats transmitted more vibrational energy than the driver's seat at frequencies 
above 10Hz, with particularly large differences in the region from 20 to 40 Hz. The 
increased transmission of vibrational energy in the region from 20 to 40 Hz suggests 
the possible contribution of child seat frame resonances of the type found in the 
modal analysis of chapter 4. 
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Figure 5.18 a) Acceleration PSDs measured at the driver's seat at 40 km/h 
b) Acceleration PSDs measured at the child seat at 40 km/h 
The average power spectral densities measured at the floor and at the human 
interfaces for each test were used to determine the acceleration transmissibility 
function (ATF) in the vertical direction. The 29008 analyser implementation of the 
transmissibility function consisted of an Hv estimator. Figure 5.19 presents the 
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acceleration transmissibility functions determined from all eight tests from the seat 
guides to the human interfaces at 20 and 40 km/h. 
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Figure 5.19 Acceleration transmissibility functions from the floor to the human 
interfaces at 20 km/h and 40 km/h. 
The acceleration transmissibilities were found to be generally similar across the two 
test speeds except for the child measurements below 2 Hz. This suggests that above 
2 Hz the vibrational energy provided by the road surface provided an acceptable 
signal-to-noise ratio and that the overall level of nonlinearity was not large enough to 
discourage the use of linear analysis techniques like acceleration transmissibility. 
These observations are supported by the coherence functions which were found to 
be greater than 0.7 in the range from 1 to 40 Hz and typically higher than 0.6 from 40 
to 60 Hz. 
The acceleration transmissibilities suggested that the main vertical adult whole-body 
resonance of the driver was strongly excited in all tests, as evidenced by the large 
peak in the transmissibility data in the region from 4 to 5 Hz for all subjects. Likewise, 
the first vertical resonance of the child body in the range from 5 to 10Hz was excited 
in most tests, but the differences in body mass lead to greater dispersion in the 
frequency location of the resonance peaks than for the adults. The second vertical 
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adult whole-body resonance in the range from 9 to 15 Hz was found to be excited in 
a few cases but there was much variability from test to test due to differences in 
subject anthropometry and seat cushion design. 
In all tests the acceleration transmissibility was found to be higher for the child seat 
than for the driver's seat at most frequencies greater than 10Hz. with particularly 
evident differences for frequencies greater than 30 Hz. Since the vibrational 
behaviour was somewhat different for each combination of automobile, child seat 
and child, the acceleration transmissibilities were summarised by means of 
minimum, mean and maximum transmissibility curves as shown in Figure 5.20. From 
the average transmissibility curves it was noted that the driver's seats generally 
provided levels of isolation that were consistent with reports found in the literature for 
automobiles (Griffin 1990). Average transmissibility values of 30% or less were found 
for all frequencies above 20 Hz. Attenuation also occurred at lower frequencies with 
the exception of the two whole-body resonance frequencies of the adult human body 
when seated on elastic seat cushions, at approximately 4.0 and 12 Hz. The vibration 
attenuation was not as effective for the child seat systems, where the average 
transmissibility were rarely lower that 50% for frequencies up to 60 Hz. 
The average transmissibility curves presented a main resonance peak for the 
children at 8.5 Hz, which was higher than the value of 4.0 Hz observed for the 
drivers. This finding confirmed the typical frequency of the principal vertical whole-
body resonance of seated children, as found in chapter 3 of this thesis. This 
comparison can be further highlighted by taking the ratio of the acceleration 
transmissibility of the driver to that for the child, averaged across all tests, as shown 
in Figure 5.21. The average ratio for the eight systems suggested that the 
transmissibility to the child was greater than that to the adult at all frequencies except 
4.0 Hz (where the ratio approached zero). Conversely, the transmissibility ratio 
produced a distinct peak at 8.5 Hz confirming the location of the principal seated 
whole-body resonance of the children. Additionally, the ratio suggests generally 
higher transmissibility at all frequencies greater than 20 Hz. A large peak in the 
average transmissibility ratio at approximately 32 Hz suggested the contribution of 
child seat frame resonances while the high values at frequencies greater than 50 Hz 
suggested suboptimal behaviour of any foam padding present in the child seats. 
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Figure 5.20 Miminum, Average and Maximum ATFs calculated from the 
floor to the human interfaces from all data. 
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Figure 5.21 Ratio between the acceleration transmissibility to the 
driver and that to the child, averaged over all 8 tests. 
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5.3.4 Discussion 
The experimental acceleration measurements performed for 8 combinations of 
automobile, child seat and child of the vibration survey confirmed that substantial 
differences exist between the behaviour of the system composed of the vehicle seat, 
child seat and child with respect to the dynamics of the system composed of driver's 
seat and driver. The child seat system was found to be less effective in terms of 
vibration attenuation with ensemble average transmissibilities in the frequency range 
from 1 to 60 Hz of 77% as opposed to 61 % for the driver's seat. Comparison of the 
individual or the group average transmissibility curves for the two cases suggested 
that the greatest differences occurred at the frequencies of whole-body resonance of 
the seat occupants and for frequencies greater than 20 Hz. 
Of particular interest were the differences noted in the principal whole-body response 
resonances of the seat occupants. The average resonance frequency measured in 
the child seats across the complete ensemble of tests was 8.5 Hz as opposed to the 
4.0 Hz found for the seated adults. This provided a confirmation of the child apparent 
mass results of chapter 3 and showed that body response differences are important 
within the operational environment of the vehicle. In addition, comparison of the 
average transmissibility curves for the children to those of the drivers showed that 
the resonance peak for the children was lower in value (1.8 as opposed to 2.2 at 40 
km/h) and wider in frequency (-3 dB points over an interval of approximately 4 Hz as 
opposed to 1.5 Hz at 40 km/h). This was due to both differences in damping 
characteristics and fact that the resonance frequencies varied more for the children 
due to the greater relative differences in body mass, leading to a lower and wider 
average curve. 
This differences in main vertical whole-body resonance confirmed in the operational 
environment of the vehicle has important implications for the comfort evaluation of 
child seats since all existing whole-body vibration standards make use of frequency 
weightings developed from subjective testing of adult participants. Weightings such 
as the vertical direction Wb of BS 6841 (British Standards Institution 1987) or the 
vertical direction Wk of ISO 2631 (International Organisation for Standardisation 
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1997) have a shape which reflects the mechanical resonances of the seated adult 
body. As with the child apparent mass results, the transmissibilities presented here 
suggest that the existing weighting curves would not be expected to be applicable to 
children since the mechanical resonances occur at different frequencies. How 
comfort should be evaluated in the case of small children remains an open question. 
A final point of note is that all eight seats considered were fastened to the vehicle by 
means of the vehicle's safety belts and that most showed evidence of a resonance 
response at a frequency of approximately 2 Hz. The resonance was more evident in 
the data from the 20 km/h tests than in the data from the 40 km/h tests, presumably 
due to a more favourable signal-to-noise ratio in the 40 km/h tests, but it was 
nonetheless present for most seats. The frequency value confirmed the presence of 
the rigid body child seat motion identified in the operational deflection shapes 
analysis of chapter 4. The results would suggest that the weak mechanical coupling 
produced by the untensioned belt attachment systems adopted in most current child 
seat designs is leading to large low frequency movements of the units in practice in 
the vehicle. 
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Chapter 6 
Conclusions and Recommendations for 
Future Research 
6.1 Summary of the Research Findings 
The activities described in chapters 3 to 5 of this thesis were performed for the 
purpose of answering questions about the nature of the vibrations of small children 
and of child safety seats. Since no data treating the subject was available in the 
literature most of the activities consisted of experimental tests designed to shed light 
on one or more aspects of child or child seat behaviour. Taken as a whole the 
findings provide a first response to the questions posed in chapter 1, therefore it is 
useful to summarise the findings in light of the originally posed questions. 
• What are the vibrational characteristics of the seated child body ? Are the 
resonance frequencies, resonant amplitudes and energy dissipation properties 
similar to those of adults ? 
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The testing and modelling activities of chapter 3 have shown that the resonance 
frequencies of small children are not the same as those of adults, they are instead 
higher. Depending on the children and adults being compared differences of 3 to 4 
Hz appear common. The in-vehicle tests of chapter 5 suggested a mean principal 
resonance frequency of approximately 4.0 Hz for the adult drivers and 8.5 Hz for the 
children in the stage 0&1 seats. Additionally, since the damping ratio was found to be 
approximately constant across body sizes from small primates, to children to adults, 
the higher resonance frequencies of small children lead to frequency response 
curves with wider peaks. It can therefore be concluded that both the resonance 
frequency and the shape of the mechanical response curve are different for seated 
children. The data for the children also did not furnish any evidence of a second 
resonance peak similar to the 9 to 12 Hz movement of seated adults. 
Absorbed power curves for small children were also found to be different from those 
of adults in terms of both the frequency of peak absorption and the width of the 
curve. Double normalising the absorbed power curves by both body mass and input 
acceleration highlighted this point and made it possible to determine that the energy 
dissipation per unit kilogram per unit acceleration for children was only 86% that of 
adults. With respect to adults small children differ therefore in terms of body mass, 
body mass distribution, body stiffness, resonant frequency and absorbed power. 
The nature and extent of the differences suggest that child seats should be designed 
following different criteria from those used for vehicle primary seating systems . 
• If the child vibrational response were different from that of adults how would it 
affect the use of the currently accepted methodologies for quantifying subjectively 
perceived vibrational comfort ? 
A basic element of all current methodologies used to evaluate the vibrational 
performance of seats is a weighting which quantifies the effect of frequency on the 
human mechanical and subjective response. The whole-body vibration weightings of 
BS 6841 or ISO 2631 (the two most widely applied standards) are conceptually 
similar to the familiar decibel A weighting used in the field of acoustics. As with the 
decibel A the weightings of BS 6841 and ISO 2631 are based on equal sensation 
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curves determined from the subjective response of test subjects. For whole-body 
vibration a high correlation exists between subjective response and the mechanical 
response since body resonances are characterised by relatively large movements 
and these movements produce sensation. The problem highlighted by the findings 
described in this thesis is that small children differ substantially in terms of their 
mechanical response behaviour, therefore their subjective response would be 
expected to be different and, as a consequence, any frequency weightings would 
also be different. Application of the vertical direction Wb or Wk weightings of BS 6841 
and ISO 2631 to child vibration measurements WOUld, based on the measurements 
presented in this thesis, be expected to produce misleading results. It therefore 
seems important to develop a weighting specifically for children. The development of 
an appropriate weighting will, however, require creativity since small children would 
not be expected to be able to provide accurate subjective data. 
• What are the vibration characteristics of child restraints as an individual unit ? And 
how are these modified by installation in the vehicle ? 
When tested in isolation the child seat response was found to be characterised by a 
series of flexible body resonances of the frame starting from frequencies as low as 
15 to 20 Hz in the case of seats constructed from the softest plastic materials and 30 
to 40 Hz for the strongest units. All available information points to the first mode of 
vibration being a torsional mode due to the open U-section design of current frames. 
Due to large gaps in the joints, components such as the carrying handle were found 
to add additional vibrational modes. A further effect caused by free play in hinges 
and fittings of the auxiliary components was a noise structure on the frequency 
response functions, similar to findings for vehicle seat frames having free play in the 
backrest hinges. The operational deflection shapes analysis of the Mothercare Rock 
"n' Go seat confirmed that the flexible body resonances (the first at 35 Hz) remained 
largely unchanged in terms of frequency and mode shape when installed in the 
vehicle. One important new feature found only in the vehicle environment was, 
however, a resonance consisting of rigid body motion of the child seat and child at 
approximately 1.8 to 2.0 Hz. This behaviour, a result of the weak coupling between 
child seat and vehicle provided by the seat belts, was found to consist of vertical 
translation combined with rotation about the belt attachment point. The findings of 
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chapters 4 and 5 therefore suggest that child seat behaviour can be thought of in 
terms of frame flexible body resonances, movements of the auxiliary components, 
and rigid body motions of the complete unit over the seat cushion of the automobile 
in which it is travelling. Unfortunately, examples of each of these motions occurred 
within the frequency interval from 0.5 to 100 Hz normally considered when analysing 
human whole-body vibrational comfort. 
• What vibration levels and f1oor-to-child transmissibilities occur in current child 
restraint systems ? And how much can these characteristics vary from design to 
design? 
The results of the vibration survey suggest that the environment in child safety seats 
was characterised by higher vibration amplitudes than commonly found for vehicle 
primary seating systems. The overall r.m.s. level was 30 percent higher in child seats 
than in the vehicle seats. Besides the differences in the body resonance frequencies 
of adults (4.0 Hz) and children (8.5 Hz), the frequency domain analysis also 
suggested that child seats have generally higher vibration transmissibility for all 
frequencies greater than about 20 Hz. Large differences were sometimes found 
between individual child seat units at a specific frequency value due to differences in 
design, but when averaged the results for the complete group confirmed a higher 
overall transmissibility than vehicle seats, with most of the additional energy being 
contributed by the low frequency rigid body resonance and the lack of high frequency 
attenuation . 
• How do the vibrational characteristics of current child seats compare to those of 
the vehicle primary seating systems used by adults ? 
The differences in geometric and material properties make it difficult to compare the 
behaviour of the two systems. Nevertheless, all data measured suggested that child 
seats have significantly higher vibration transmissibilities above 20 Hz. The 
frequency range in question and the materials used in current child seats suggest a 
lack of isolating and damping material placed in the vibration transmission path 
between the vehicle and the child. Few of the child seats tested had foam pads of 
other soft materials over the frame to cushion the contact with the child. There was 
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therefore no equivalent of the soft polyurethane foam material commonly found in 
vehicle seat cushions. In addition, unlike their vehicular counterparts, the child seats 
suffered from additional dynamics due to the lack of coupling with the vehicle. New 
child seat systems such as the LATCH or ISOFIX systems would be expected to 
provide greater and more controllable coupling to the vehicle frame, thus facilitating 
the control of low frequency movements. From the findings of this thesis it seems 
possible to state that child seat design is currently suffering from a lack of information 
regarding the behaviour of the child and of the seat unit, and that this lack of 
information, combined with cost pressures, has lead to less sophisticated and less 
performant designs than what is currently found in vehicle primary seating systems. 
6.2 Further Research Regarding Child Safety Seats 
Consideration of what currently constitutes an industrial vibrational comfort testing 
procedure for vehicle seats (see section 2.9) helps to suggest where more research 
is required before similar methods can be defined for child safety seats. In addition, 
the findings from the experiments performed in this thesis also suggest areas for 
further research. A few highly important areas are described below. 
Child Impedance Loading Test Dummy. Since at least 1969 research has been 
underway to develop single or dual degree of freedom mechanical boxes capable of 
reproducing the vertical impedance loading of the adult human body. The research 
has been driven by the time and cost associated with the regular use of test subjects 
and by the desire for the greatest possible measurement repeatability. Examples of 
the research include the work of Suggs. Abrams and Stikeleather (1969). the work of 
Tomlinson and Kyle reported by Sandover (1970). Knoblauch. Wolfel and Buck 
(1995). Mansfield and Griffin (1996). Smith (1997). Huston. Johnson and Zhao 
(1998). Lewis (1998). Gu (1999). Towards (2000). Culmann and Wolfel (2001) and 
Lewis and Griffin (2002). From the number and quality of the papers found in the 
literature it appears that important and compelling motivations have driven the 
research. In the case of small children there is a further and overriding motivation for 
such research; ethical considerations. It would be difficult to justify the repeated and 
regular use of children for performing engineering measurements of child seats. 
Some of the knowledge needed to develop a loading device for performing child 
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safety seat vibration tests has been developed in this thesis. A first set of apparent 
mass curves has been produced for 8 children along with accompanying mass-
spring-damper models. The models could serve as the basis for the development of 
mechanical devices which match the input impedance characteristics of the children. 
As in the research by the group of authors cited above, the development of an 
effective vibration dummy would be expected to involve many implementation issues 
from the fixing of the device in the seat to the susceptibility of the device to cross-
axis motion. Research to develop such a device would be challenging, but such a 
technology might possibly be achievable within the limits of a 2-3 year study. 
Child Frequency Weighting: A key element of any seat vibration testing procedure is 
the weighting curve which accounts for the frequency dependency of the whole-body 
mechanical and subjective response. The weightings defined in BS 6841 and ISO 
2631 are used in numerous testing and simulation applications. The research 
described in this thesis has shown that the mechanical response of small children is 
different from that of adults, which would lead to significant differences in any 
frequency weighting defined for use with small children. This suggests a fundamental 
technical limitation that remains unresolved by the research presented in this thesis. 
Development of a frequency weighting for use with small children represents a 
significant technical and creative challenge for future researchers. Small children 
would not be expected to be capable of providing accurate subjective responses of 
the type normally used to define a frequency weighting, and many occupants of 
stage 0 & 1 seats are too young to even talk. Physiological measures such as heart 
rate have been used to estimate iso-comfort contours for animals such as piglets 
(Perremans et. al. 1996) but the vibration levels involved were higher than what 
would be considered ethical in child testing. Behavioural modifications have also 
been used as a response metric for the purpose of developing frequency weightings 
for animals such as chickens (Duggan et. al. 1996), but the level of conditioning 
required of the animals in order to obtain accurate results would probably not be 
acceptable with small children. The design of an observational study based on the 
influence of vibration on alertness or sleep/awake periods may provide a way of 
developing a weighting, but a thorough research investigation is required if a useful 
weighting curve is to be developed. 
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Mobile Child Apparent Mass Testing Unit: The practical difficulties encountered when 
attempting to identify test subjects and when organising the laboratory sessions 
during the research described in this thesis suggested that it would be very difficult to 
extend the statistical base from the current 8 children. The test equipment used was 
a fixed installation, located in a university laboratory, requiring families to bring their 
children to the university at a specifically arranged time. Given the nature of everyday 
life few people can afford the time required to participate in such as study, even with 
economic incentives. Despite possible difficulties, tests for as many as 30 or 40 
children would be expected to be required before the statistical base was sufficiently 
wide to permit the definition of a standard, similar to ISO 5982 (2001) for seated 
adults, which specifies the apparent mass characteristics of small children. An 
obvious solution to the research requirement would be the development of a mobile 
child apparent mass testing device, capable of providing low intensity vibrations to 
seated children over the frequency range from 1 to 20 Hz. If such a device were 
safe, lightweight and portable, it would be expected to permit vibration testing to 
occur directly in a pediatric hospital once suitable agreements had been achieved 
with the hospital and consent given by the parents. Even if the mobile device was 
quite basic and limited to a single test amplitude, the scope for rapidly widening the 
test database would be promising. 
Child Seat Coupling Dynamics: An important vibrational behaviour found in many of 
the tests performed in this thesis was a low frequency (1 to 2 Hz) rigid body 
movement of the child seat over the vehicle seat cushion. The cause appeared to be 
the weak mechanical coupling between child seat and vehicle due to the fastening 
method based on the use of the vehicle's safety belts. Changes in this behaviour 
could be achieved through the introduction of new fastening systems or of seat belt 
pretensioners. The dynamics of such systems could be effectively evaluated by 
means of numerical models such as Finite Element models which could include a 
simplified representation of the vehicle foam cushion, a simplified representation of 
the child seat frame and a detailed modelling of the belt and other coupling 
structures. Numerical simulation would permit rapid quantification of the effect of 
parameters such as belt tension, belt angle and child frame stiffness. In addition, it 
would permit rapid evaluation of the potential benefits and pitfalls of the recently 
introduced LATCH and 150FIX attachment systems 
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as 7085 Suggested Practice for Child Vibration Facility Safety Features 
experiments In Which People are Exposed 
to Mechanical Vibration and Shock 
3.4.1 Equipment should be designed so that The shelf assembly mass of 12.8 kg, rigid 
no failure could result in magnitudes of seat mass of 3 kg and average child mass of 
mechanical vibration or shock producing 9 kg sum to a total 24.8 kg. For this mass the 
vibration dose values in excess of 15 m/s 1.75, maximum force output of the V406 shaker of 
unless the experiment is designed to study 98 N implies a maximum acceleration of 4 
effects of higher magnitudes. m/s2 which for exposures lasting 1-2 minutes 
is less than 15 m/s 1.75. 
3.4.2 Safeguards should be used to avoid the The maximum peak-to-peak stroke of the 
following three physical hazards: V406 shaker is 14mm, thus the limited travel 
a) the experimenter or another person in the provides few opportunities for entrapment or 
vicinity of the equipment may receive a impacting. 
blow through inadvertent contact with the 
moving parts; The moving shelf assembly has a large 
b) the subject on a moving part may receive a surface area of 760 mm x 405 mm. The rigid 
blow through inadvertent contact with a seat is centred on this platform thus the child 
fixed object; cannot reach rig components when seated 
c) anyone on the eqUipment or in the vicinity and restrained. 
may be at risk from pinching or shearing 
between fixed and moving parts. 
3.4.3 In experiments where subjects are The child restraining straps are standard 
restrained, special care should be taken to items from a commercial safety seat and are 
ensure that during normal operation or fitted in the same physical location and in the 
malfunction any restraint does not present a same manner as in the original unit. 
hazard. 
4.2 The attendance of a medical officer is not The shelf assembly mass of 12.8 kg, rigid 
essential for experiments in which the subjects seat mass of 3 kg and average child mass of 
are exposed to magnitudes of mechanical 9 kg sum to a total 24.8 kg. For this mass the 
vibration and shock comparable to those maximum force output of the V406 shaker of 
found in common forms of transportation and 98 N implies a maximum acceleration of 4 
in any but the most severe of civilian working m/s2 which for exposures lasting 1-2 minutes 
environments. These are defined as is less than 15 m/s1.75. 
experiments in which the total daily exposure 
for any subject does not exceed a vibration 
dose value of 15 m/s1.75. 
5.1 Mechanical and electrical components All components are standard commercial 
should be chosen for high reliability and equipment. 
should be conservatively rated. The DIFA SCADAS frontend unit is certified 
for human testing by the manufacturer. 
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5.1 The subject should be adequately 
restrained, particularly where malfunction 
would jeopardize the safety of an unrestrained 
subject. 
5.1 The device and any electrical equipment 
used in conjunction with the machine should 
be adequately earthed so that the subject and 
operator are protected from electrical shock. 
5.1 Emergency stop and shut-down 
procedures should render the device safe so 
that the subject can escape from the 
equipment with the minimum delay in the 
event of an emergency. 
5.1 Safety and control wire and fluid power 
lines should be positioned and secured in 
such a manner that accidental disconnection 
or breakage does not occur. 
5.2.2 Start-up and shut-down procedures 
should follow a logical sequences and be 
sequence interlocked to prevent improper 
operation. 
5.2.3 The operator should be provided with 
displays which unambiguously indicate the 
following: 
(a) the status of the safety circuits and the 
nature of a malfunction if this is detected 
by a safety circuit; 
(b) when the device is in safe mode in order 
that the subject may safely be poSitioned 
on, or leave, the motion platform; 
(c) the intensity of the motion stimuli being 
generated by the device (Le. 
displacement, velocity, acceleration of the 
platen). 
5.2.4 It is recommended that the operator 
should have Sight, either directly or by closed 
circuit television, of the subject and relevant 
equipment so that normal or abnormal 
operation can be visually assessed. 
The child restraining straps are standard 
items from a commercial safety seat and are 
fitted in the same physical location and in the 
same manner as in the original unit. 
All system components are earthed 
according to manufacturer's instructions. No 
electrical components were made or modified 
for the child test bench. 
The DIFA SCADAS electronic frontend unit 
incorporates a condenser-based soft 
shutdown circuit for bringing the shaker to 
rest in the case of failure of either the mains 
supply or the controller software. 
All cables are out of the reach of the children 
and of the parents. 
The EMON test control software operates 
front-end arming and test initiation as 
separate, independent, functions. 
The EMON test control software was 
programmed with a fixed operational 
sequence of 2 tests, each conSisting of a 
signal ramp-up, two minutes of vibration 
exposure, and signal ramp-down. 
The EMON software interface was 
configured to continuously display underload, 
operational load or overload ratings for all 
acquisition and control channels. 
The EMON software interface was 
configured to continuously display the 
frequency response function between seat 
acceleration and control voltage (bench 
transfer function). 
The EMON software interface was 
configured to continuously display the 
frequency response function measured for 
the child (child apparent mass). 
Child subject, parents and all bench 
components are visible without obstruction 
from the operator's position. 
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5.2.5 The operator should have ready access The operator's station is within 2 meters of 
to the subject in the event of his/her distress the test bench. 
or equipment malfunction. 
5.2.6 The design of the controls and displays The EMON software interface was 
should be such that the intensity of the motion configured to continuously display underload, 
stimuli and the levels at which any pre-set limit operational load or overload ratings for all 
circuits will operate are clear to the operator. acquisition and control channels. 
The EMON software interface was 
configured to continuously display the 
frequency response function between seat 
acceleration and control voltage (bench 
transfer function). 
5.2.7 The operator should have immediate The child vibration bench incorporates a 
and ready access to a clearly labelled control DIFA SCADAS Shutdown Control Unit which 
which initiates the emergency stop. includes a large red emergency stop button 
attached to a cable for easy positioning. 
5.2.8 The operator should have control of a Not implemented. 
scaled input attenuator which determines the 
magnitude of the demand signal fed to the 
control system. This should be designed to 
avoid the sudden application of an excessive 
demand function. 
5.3 The subjects should be able to stop the Not implemented for child subjects. 
motion stimulus by the operation of an 
emergency stop control, usually a push-button 
switch, which can be held in the hand or is 
placed in a position to which he/she has 
immediate and ready access. 
5.3 Communication between the subject and Not implemented for child subjects. 
the operator also allows him/her to request the 
termination of exposure to the motion 
stimulus. 
5.4.2 Input monitor. This circuit monitors the Software limits of 1.0 m/s2 peak seat 
demand function to the control system and, if acceleration amplitude and 100 N transmitted 
pre-set limits are exceeded, the demand force were set in the EMON test control 
function is modified. In its most basic form, environment. 
this circuit may act as a simple limiting device, 
which may be acceptable if the platen 
acceleration follows the input signal. 
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5.4.3 Platen motion monitor. An input monitor Not implemented electronically. Achieved 
does not protect the subject from aberrant physically through the maximum force rating 
motion stimuli generated by failures within the of the V406 shaker unit. 
control system. Consequently, it is highly 
desirable that the motion of the platen is 
monitored by circuitry which stops the motion 
if this exceeds pre-set limits. Whether the 
withdrawal of the motion stimulus is achieved 
through the control system, or the control 
system is disabled and an emergency stop 
sequence is initiated, is dependent upon the 
detailed design of the equipment. 
5.4.4 System monitor. This circuit monitors The PA 1 OOE electronic power amplifier 
parameters within the control system which driving the V406 shaker incorporates a core 
are indicative of normal operation, such as overheating and an overvoltage interrupt 
supply and rail voltages, amplifier current, which shuts down the voltage supply in the 
servo-valve operation, integrity of transducers case of a failure condition. 
circuits, etc. If any of these parameters 
exceeds limits which are preset but not 
operator-adjustable, then a shut down 
procedure is initiated with an emergency stop 
of the platen. 
5.4.5 In those situations in which it is not Not implemented due to the low force rating 
necessary to achieve the maximum of the V406 shaker. 
performance of the device, it is desirable to 
restrict performance by means which are not 
dependent upon input or output monitOring 
circuits ... ln electro-hydraulic mechanical 
vibration machines, peak platen velocity can 
be limited by restricting flow .... In 
electrodynamic machines, accelerations can 
be controlled by limiting the peak current 
available to the actuator. 
5.5 Provision should be made for the motion Not implemented due to the low force rating 
of the platen to be limited to the eguivalent of of the V406 shaker. 
a vibration dose values of 15 mIst 5,in the 
event of failure of the monitoring circuits and 
the platen being driven into the end-stops at 
the maximum velocity achievable. 
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5.6 The equipment should be tested before it The system has been tested for a range of 
is used with any subjects, to ensure that under operating and failure conditions including: 
any predictable fault condition or with any test loads from 0 kg to 20 kg; predictable operator error the resulting motion 
has a total vibration dose value of less than 15 incorrect settings of the PA 1 OOE electronic 
m/s 1.75. power amplifier; 
constant offset voltages and incorrect voltage 
gains of the MSC conditioning unit; 
acceleration or force sensor disconnect; 
incorrect setting of the shelf assembly 
suspension system (shaker end-of-travel 
impact); 
controller software failure. 
6.2 In some circumstance it may be desirable The parents are asked monitor and assist. 
for a second person to be present as an 
observer. 
6.2.2 The observer should have a good A detailed explanation of the test objectives 
understanding of the experiment being and procedure is provided to the parents. 
conducted and be familiar with emergency 
procedures for the equipment. 
6.3.3 Normal operating sequence. The normal The EM ON test control software was 
operating sequence for each trail should follow programmed with a fixed operational 
a predetermined routine which is familiar to sequence of 2 tests, each consisting of a 
the operator and to any observer. This should signal ramp-up, two minutes of vibration 
include the sequence of stimuli and their exposure, and signal ramp-down. 
durations, the sequence of any activities in 
which the subject is to be engaged, and the 
times at which responses are required of 
him/her. 
6.3.3 The operator should check that the Not implemented, based on parental 
subject is fit to take part. consent. 
6.3.3 The operator should check that the Not implemented for the child subject. 
subject is familiar with the experimental 
procedure and in particular that for the 
emergency shut-down. 
6.3.3 The operator should check that the After being seated in the device the operator 
subject is adequately supported and, when adjusts the safety belts to restrain the child. 
necessary, restrained. 
6.3.3 The equipment should be brought to rest Upon completion of the test sequence the 
and made safe before the subject leaves or EMON test control software automatically 
dismounts. deactivates the frontend unit bringing voltage 
production to a halt. 
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6.3.3 The subject should be provided with an Not implemented for the child subject. 
opportunity to report any adverse reaction to 
the mechanical vibration and shock. 
6.4.1 Documentation associated with Point A is not implemented. 
mechanical vibration and shock experiments 
on subjects should include: 
a) an operational record of the use of Points 8 and E are incorporated in the 
mechanical vibration and shock equipment: consent form. 
durations of use and characteristics of 
mechanical vibration and shock used, results Point C is incorporated in a checklist used by 
of start-up and pre-trial checks, servicing and the operator. 
maintenance; 
b) a record of each exposure to mechanical 
vibration and shock of any subject; Point D is not implemented as the bench is 
c) check lists for start-up and operational currently only operated by one individual. 
sequence for current trials; 
d) a list of people authorised to operate the 
mechanical vibration and shock equipment; 
e) copies of the consent forms as a record 
that each subject has been questioned or 
examined with regard to fitness to participate. 
6.4.2 The record of exposure of each subject Points A, 8, C, E, I and K are implemented 
to mechanical vibration and shock should by means of the consent form. 
include the following: 
a) purpose of the experiment; Points D, F, G, Hand J have not been 
b) date of the experiment; implemented. 
c) identification of the subject; 
d) any medical certification provided; 
e) nature of the mechanical vibration and 
shock exposure; 
f) any unusual reactions of after-effects 
noticed; 
g) name of the experimenter; 
h) name of the operator in charge of the 
experimental run; 
i) name of the observer (if present); 
j) name of medical officer (if present); 
k) name of chaperone/parent/guardian (if 
present). 
